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Dye-sensitized solar cells (DSSC) have been subject of intense research and development 
due to their low cost, high and stable efficiencies under varying illumination conditions. 
The results presented in this thesis are focused in exploring the different strategies to 
enhance the charge collection efficiencies of a photoanode in DSSC. This work has led to 
unravel a simple pathway(s) toward the enhancing the performance of DSSC, in 
particular at low-illumination conditions.  
Chapter 1 presents an overview of the general introduction to different photovoltaic 
technologies and DSSC technology. Chapter 2 describes the operating principles, 
detailing its working components and the electron processes in DSSC. Also introduces 
the reader to recent developments in the research of individual components of DSSC.  
In Chapter 3, we describe all the experimental issues related to DSSC including the 
chemicals, materials and device fabrication and characterization techniques.  
Chapter 4 reports a simple and reliable synthetic route for obtaining mesoporous TiO2 
aggregate structures with tailored properties. The experimental evidences suggest that 
surfactant mediated sol-gel synthesis allow tailoring the morphological and physical 
properties of TiO2. The photovoltaic performance of DSSC is strictly correlated to the 
properties of home-made TiO2 samples.  
In chapter 5, photovoltaic performance of the mesoporous TiO2 aggregate photoanodes 
with elevated efficiencies up to 9.00 % at 1 sun and 10.84 % at 0.16 sun is reported. We 
evaluated the electron transport and recombination characteristics of TiO2 aggregates 





studies revealed that a good compromise of electron transport time and extended life time 
in mesoporous aggregate films compared to their non-porous counterparts has been 
observed. This has lead to efficient charge collection and higher power conversion 
efficiency even at low illumination levels.    
In chapter 6 the tailoring the electrical properties of non-aggregate structures by 
substitutional doping of TiO2 was studied.  The effects of Ta
5+
 doping of TiO2 on its 
structure and photovoltaic performance were examined. This strategy allowed to enhance 
the conductivity of TiO2 photoanode as well as to shift negatively the conduction band of 
TiO2. As a result both the open-circuit voltage and short-circuit current densities were 
improved remarkably. This improvement brings the PCE of a ~15 μm thick photoanode 
to 9.23 % at 1 sun and above 11.10 % at 0.16 sun. Such a high performance is attributed 
to nearly 100 % high charge collection efficiency under varying light conditions.  
The optimized photovoltaic performance of trifluorenylamine donor based organic 
sensitizers by device engineering is presented in chapter 7. The effect of TiO2 thickness, 
sensitizing conditions and a co-adsorbent is discussed. These studies reveal that the 
sensitizing conditions significantly affect the photovoltaic performance of a DSSC. These 
observations were further verified by studying the charge recombination kinetics and 
band edge movement using IMPS-IMVS and/or EIS. 
Finally, some conclusions are drawn in chapter 8 together with our outlooks in the future 
research and development of highly efficient TiO2 phtoanode for dye-sensitized solar 
cells. 
Key words: Photovoltaics, DSSC, Nanostructures, Aggregates, Doping, Organic dyes 
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In this chapter the author has planned all the experiments, analyzed the results and 
wrote the manuscript. He has shown a novel synthesis of mesoporous TiO2 
aggregate structures with different internal surface area and porosity are 
synthesized using soft template method. Excellent connectivity between the 
nanograins within the sub-micron sized TiO2 aggregate structure is an important 
contribution to facilitate electronic conductivity for the enhancement of 
photovoltaic performance of DSSC.         
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The most important contribution of this chapter is to highlight the multi-    
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collection. In this original contribution, author had developed the DSSC devices 
yielding efficiencies up to 11% at low illumination intensity.  
3.  Chapter 6: 
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light intensity conditions. In contrast to a literature report, the first time author   
has illustrated the reproducibility of fabrication and performance of such devices. 
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1. Introduction      
                                                                   
1.1 Need for renewable energy          
Energy is central to achieving sustainable development goals of a nation. Ever increasing 
global population is an important driver of energy needs. Currently, the world energy 
demand is projected to grow at one-gigawatt per day on average by the year 2050 
1
. 
There is currently no available technology that can address one-gigawatt per day 
challenge while several energy sources being available. Presently, the majority of energy 
is acquired from fossil fuel combustion. In the year 2011, fossil fuels remains the world‟s 
leading energy supplier with 87 % of global energy consumption 
2
. The major concerns 
associated with the severe environmental impacts caused by energy production by fossil 
fuels and its limited reserves have initiated a resurgent interest in the development of 
environmentally clean alternative energy sources, commonly known as renewable energy 
sources.  Renewable energy continues to gain but for year 2011 it accounts for only 2.1 % 
of energy consumption globally 
2
. Several of the known renewable energy sources are 
wind, biofuel, hydro- and solar energy. While it would be a challenge for most renewable 
energy sources to meet the one-gigawatt per a day challenge, solar energy is the ideal 
candidate. Sunlight is the largest single source of clean energy which is readily available 
and the amount of solar energy reaching the Earth's surface everyday is estimated to be 
10
4
 times the global energy used
  3
. 
A large variety of techniques that are available or under development to benefit from the 
solar energy include photovoltaic systems, concentrating solar power, passive solar 




Among these techniques, photovoltaic (PV) technology is fast growing renewable energy 
technology and is playing an increasing role to meet global electricity demand. The total 
PV capacity has averaged an annual growth rate of over 50 % and now reaches a total 
installed capacity of 39.5 GW 
1, 4
. Despite such high growth rates, PV cells generate today 
a few percent of yearly total electricity production. Nevertheless, PV solar cells are 
attractive devices for producing electricity as they are modular and within the reach of 
individuals. Further, they are also pollution free and their power output is flexible, 
producing µW to MW no fuel costs and low maintenance costs their source of energy is 
free and inexhaustible 
5
.  
1.2 Photovoltaic technologies 
There are a wide range of solar cells available in the market today using different 
materials and methods of production. They are usually classified into three generations 
based on the material they are made of and level of commercial maturity 
6
. Various types 
of PV cells are compared in Table 1.1 and the certified efficiencies of a large type of solar 
cells are compared in Figure 1.1. All the efficiencies listed in Table 1.1 are from the report 
by Martin et al 
7
, unless otherwise stated. The first generation PV cells are fully 
commercialized and use either single crystalline silicon (sc-Si) or poly crystalline silicon 
(pc-Si). They have been totally dominating the PV market till now. The second generation 
PV cells are also known as thin-film solar cells consists of three types of solar cells – 
amorphous silicon (a-Si), Cadmium Telluride (CdTe) and Copper-Indium-Selenide (CIS) 
or Copper-Indium-Gallium-Diselenide (CIGS). Thin film solar cells use less raw material 
and cheap manufacturing processes, thus are produced at a low cost compared to 




Table 1.1 Comparison of major PV cells 
 1
st
 generation PV 2
nd
 generation PV 3
rd
 generation PV 
PV cells sc-Si pc-Si a-Si CIGS/CIS CdTe 
III-V compound 





















Best research ηﬃ / % 
25.0 20.4 10.1 19.6 17.3 28.8 38.5 12.05 10.6 
Certified ηﬃ / % 25.0 20.4 10.1 10-12 17.3 28.8 37.5 11.0 10.0 
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Figure 1.1 Progress of research-scale photovoltaic device efficiencies, under AM1.5 simulated 
solar illumination for a variety of technologies.  
Courtesy: National Renewable Energy Laboratory, Golden, Colorado, a national laboratory of the 




The greatest advantage is the flexibility, light weight hence they can be rolled out onto a 
roof or integrated in to buildings. Several concerns associated with feed stocks of basic 
materials, toxicity (CdTe, CIGS) and performance degradation (a-Si) has limited their 
wide spread use and currently they are in early stage of deployment. The third generation 
PV cells are in the verge of commercialization. There are four types of third generation 
PV technologies: multi-junction / concentrating PV (CPV), dye sensitized solar cells 
(DSSC), organic solar cells (OSC) and finally novel and emerging concepts. In CPV 
technology sun light is concentrated onto a small multi-junction solar cell which consists 




junction cells offer efficiency about 40%, but they largely rely on direct sunlight. Hence, 
they can be used in regions with clear skies and high direct solar radiation 
6
. 
DSSC uses nanomaterials that are promising, low-cost as well as industrially viable. Its 
advantages and disadvantages will be discussed in the next section. Organic solar cells 
are inexpensive but their efficiencies and life are too low. They can be printed on flexible 
substrates which enable easy, fast production and possible integration into buildings. The 
major drawback of OSC is poor stability and low modular efficiencies. A number of 
novel solar cells are also emerging while at research and development (R&D) phase. 
These rely on quantum dots/wires, quantum wells and other advanced components. 
1.3 DSSC technology and its commercialization potential 
Since the discovery of first solar cell with an efficiency of 7.1 % in 1991, DSSC have 
drawn greater attention of international research community with continuous 
improvement in efficiencies reaching 12.05 % recently 
9
. DSSC technology has great 
potential as a future PV technology because the DSSC has a number of unique 
characteristics and benefits, summarized as follows 
10, 11
: 
 DSSC rely on small quantities, less pure and less expensive raw materials. Hence, 
 manufacturing costs are low, 
 They are lighter and flexible, 
 DSSC works well in non-ideal light conditions – shade, dawn, dusk, dappled light, 
 haze, cloud, etc., as well as wide range of temperature, 
 DSSC performance is insusceptible to temperature, global sun light (or diffuse) 




 DSSC are bifacial solar cells – produces power by capture light from front and rear 
 surfaces and  
 Offers wide range of design opportunities such as transparency and multi-colors 
 options. 
These characteristics make DSSC particularly attractive for applications in the built 
environment i.e. where most of the electric energy is required and consumed. In addition, 
DSSC is the most sustainable of all PV technologies because it offers the lowest energy 
payback time (< one year) 
10
. However, DSSC technology is yet considered as a 
complement to other PV technologies. This means DSSC panels can be effectively used 
in several applications where other PV panels fail to perform adequately (efficiency and 
cost). Recently, there is a growing interest to apply DSSC panels in building integrated 
photovoltaic (BIPV) applications and for light weight portable power supply devices in 
consumer electronics and military applications. Many products based on DSSC 
technology have been demonstrated as shown in Figure 1.2. DSSC panels can be 
integrated into various building structures such as windows (Figure 1.2 c & d), doors, 
atriums, skylights and internal dividing walls, all whilst producing energy. In fact, DSSC 
windows also offer additional benefits such as thermal and noise insulation 
10, 12
. The 
DSSC also suffers from several drawbacks which hinder active role in the PV market. 
Most notably, the long term stability and low peak power conversion efficiencies of 
DSSC panels (scale-up) are prohibitively short and low. The DSSC has however 
consistently improved in both aspects and now they are stable for several years (~10 
years) 
13
, sub-module efficiencies hitting 9.9 % 
7






Figure 1.2 Different products based on DSSC technology: Grätzel bag, G24i innovations, UK (a) 
14
 , Lampshade, Sony Corporation, Japan (b) 
15
, semi-transparent glass windows by Eagon 
Industrial Co. Ltd, Korea (c) 
16




Several companies and industrial research laboratories are now involved in development, 
commercialization and manufacturing of DSSC technology and products, mostly in 
Europe - G24i, BASF, BOSCH, and Corus; in Asia - Toyota, Sharp, Panasonic, Sony, 
Fujikura, and Samsung; and Australia - Dyesol Ltd. In June 2011, in a joint collaboration 
between Tata Steel‟s, UK and Dyesol produced the world‟s largest DSSC PV module - 
over 3 m length and 1 m
2 
in area, this represents an important step forward in the 






.  In another, joint venture DyeTec Solar between Dyesol and Pilkington 
North America, the feasibility of mass manufacturing dye solar glass for BIPV and also 
automotive-integrated PV markets has been explored. 
According to the golden triangle rule 
19, 20
 the wide spread use of DSSC panels requires a 
collective improvement of life time, cost and efficiency such an approach will put DSSC 
in competition with other PV technologies. Increasing the efficiency will enable DSSC to 
compete with first- or second generation PV cells in the higher power markets. At present 
the efficiency of the DSSC is comparable to that of a-Si, therefore any further 
improvement in operational life time would place DSSC in a dominant position in low 
power markets such as charging consumer electronics. Indeed, they would also help to 
enable DSSC to be one of the most promising cost effective emerging technologies of 
third generation PV. The greatest challenge now lies in tailoring the properties of 
individual components of DSSC and identifying the successful combination of them, then 
integrating into an efficient module at a large scale. Since there is a significant scope for 
further improvements, DSSC would emerge as one of most cost effective devices in the 
PV market. However, focusing on its potential advantages like high, stable low-light 
performance, transparency and color flexibility would certainly results in a commercial 
advantage in BIPV market. In conclusion, DSSC technology has a bright future ahead in 




2. Literature Review 
 
2.1  Introduction 
Dye sensitized solar cells (DSSC) are in essence the photo-electrochemical cells, like 
other PV cells they convert solar radiation into electricity. DSSC share many similarities 
with conventional PV cells but they differ fundamentally in their mode of operation and 
behaves in many ways similar to artificial photosynthesis occurring plants 
21
. In this 
chapter, we first introduce the general working mechanism of DSSC i.e. the energetic and 
kinetics of device operation. Then, we review the advances in research on key 
components of DSSC. The main focus of the review is to understand the strategic 
developments in tailoring the photoanode configuration to enhance the efficiency of 
DSSC. And also understanding the characteristics of next generation sensitizers i.e. metal 
free organic dyes.  Recent progress on redox electrolytes and counter electrodes was also 
reviewed.   
2.2 Design and working principle  
A schematic of the design of a DSSC illustrating the principle of operation is shown in 
Figure 2.1. The DSSC is made up of four main components: 1. Photoanode made using 
nanocrystalline semiconductor oxide film coated on a fluorine doped tin oxide (FTO) 
glass substrate; 2. The dye, sensitizing semiconductor oxide; 3. Electrolyte, containing 
the redox shuttles (popularly known I3¯ and I¯) and 4. Counter electrode (CE) – FTO 
coated with a thin layer (several nm) of catalyst such as platinum.  The semiconductor 
oxide together with dye molecules adsorbed on its surface is commonly known as 





Figure 2.1 A schematic of a typical DSSC under illumination 
 
Figure 2.2 Energy level diagram (not drawn to scale) illustrating the basic electronic processes. 
The picture shows different electronic energy levels: the conduction band (C.B) and valence band 
(V.B) of the semiconductor, the highest occupied molecular orbital (HOMO) and the lowest 





Photo-excitation of the dye molecules results in the injection of an electron into 
semiconductor oxide, leaving the dye in its oxidized state. The dye is restored to its 
ground state by electron transfer from the electrolyte. The redox shuttle acts as a mediator 
to transfer electrons between the WE and CE. 
The relative positions of the energy levels of semiconductor oxide, dye (LUMO and 
HOMO) and redox couple (Eredox) are fundamentally important to the function of the 
DSSC. Figure 2.2 shows a simple schematic energy level diagram showing various 
electronic processes occurring in a DSSC under working conditions. Upon illumination, 
the light is absorbed by the dye, S
0
 and photons cause the photo excitation of dye, S
*
 (1). 
These excited electrons are then rapidly injected into the conduction band (C.B) of 
semiconductor oxide, ensuing in a charge separation and thus generating the free 
electrons in the C.B of semiconductor oxide and dye in oxidized state, S
+
 (2). The 
injected electrons percolate through the interconnected network of oxide nanoparticles 
until they get collected at FTO of WE (3) and then perform electrical work on the way to 
CE (4). The electrons are then transferred to the redox shuttle where it reduces oxidant 
species, I3¯ (5) and forms a reduced species, I¯. The reduced, I¯ donates an electron to 
the oxidized dye, S
+
 (6) and then reduces the dye to its original state, S
0
, completing the 
regenerative cycle. Over all, light is converted into electricity with no net chemical 
change of the cell during overall photo conversion process. The regenerative operating 
cycle of the cell is summarized below 
5
 : 
Photoexcitation:     S + hυ  →   S*                                                                            (2.1) 
Electron injection:  S
*
 →  e¯ (C.B) + S+                                                                   (2.2) 
Electron transport: e




External work:                  e
¯
 (FTO) → e¯(CE) + electricity                                     (2.4) 
Reductor regeneration:       I3¯ + 2e
¯
 (CE) → 3I¯                                                    (2.5) 
Dye regeneration:              I¯+ S
+
       → I3¯+ S
0
                                                     (2.6) 
                   Overall cell reaction:       hυ  →   electricity 
Note that all the above mentioned processes occur simultaneously not in the same 
sequence as mentioned above. In addition to the forward electron transfer and transport 
processes 1-6, several undesirable back electron transfer reactions 7-9 do takes place in a 
DSSC which causes the loss of electrons.               
De-excitation of dye:                              S
*
 → S0                                                                     (2.7) 




 → S0 + 3I¯                                                 (2.8) 
Recombination (TiO2/electrolyte):           2e
¯
 (C.B) + I3¯ → 3I¯
                                           
(2.9)     
The competition between the forward and back electron transfer reactions are 
characterized by respective rate constants as described in the following section. The rate 
constants largely depend on the properties of the different components used in a DSSC 
22
.  
2.3 Kinetics of electron processes in DSSC 
Kinetics of both forward and back electron transfer reactions will have a large impact on 
the PV performance of DSSC. Most of the investigations in this thesis are based on a 
DSSC system comprising nanocrystalline TiO2 film sensitized with ruthenium 







, Hence we consider the kinetics of this DSSC system as described in Ref. s 
22,23
.  
Figure 2.3 shows the typical time constants of all electron transfer processes with respect 





Figure 2.3 Kinetics of different electron transfer processes in an illuminated DSSC under open 




Upon illumination, the dye is photoexcited in a few femtoseconds (Equation 2.1) and 
electron injection takes place on ultrafast time scales from S* to C.B of TiO2 (Equation 
2.2). This injection process is nearly 100 times more faster than the competing process of 
de-excitation of the dye to ground state which is in nanosecond domain or even lesser. 
 
The ground state of the sensitizer is then restored by I
¯ 
in the microsecond domain, 
effectively regenerating the oxidized dye, S
+
 (Equation 2.5), thus surpassing the 
competing back electron transfer from C.B of TiO2 to dye cation, S
+
 that occurs in the 
millisecond time range. The other two most important processes, electron transport across 
the TiO2 film (Equation 2.3) and the capture of the electron by the oxidized specie I3
¯ 
(Equation 2.9), occurs in milliseconds. The similarity in time constants of both the 
processes is a major determinant of overall efficiency of DSSC. However, in a DSSC 








and the oxidized dye is negligible, because dye regeneration by I
¯
 is significantly more 
rapid than the back electron transfer from C.B of TiO2 to dye cation 
22
. Thus, the control 
of recombination of injected electrons in TiO2 with I3
¯ 
is a key factor for enabling the 
high efficiency. Several methods to control recombination are to be discussed later.  
2.4 Components of DSSC 
DSSC is a successful combination of the components that are made from different 
materials. The efficiency of DSSC in the process for energy conversion depends on 
properties of the materials it is made of. Since the introduction of DSSC, extensive 
researches have been continued to increase the power conversion efficiency (PCE) of 
DSSC by improving the individual properties of materials and their behavior in a 
complete system. The following discussions focus on the understanding of the structural 
and technological aspects of each component for progressive development of the 
performance of DSSC 
2.4.1 Nanostructured photoanode 
The photoanode is a key component in DSSC. Basically, it acts as a supporting layer for 
dye adsorption and electron transport channel. The widely explored material for 













 were investigated for 
the photoanode of the DSSC.  However, anatase TiO2 has become the best choice till now 
because the efficiency of DSSC based on it is nearly two times higher than that of other 
oxides. Other merits are low cost, abundance, non-toxicity, good thermal and chemical 
stability 
31
. A photoanode in a DSSC consist of a porous film of nanostructured TiO2 with 




nanostructures in DSSC is that the photoelectrode films fabricated with nanostructures 
are highly porous, hence large internal surface area is available for the adsorption of more 
dye molecules and more light absorption to obtain high efficiency. In a complete DSSC 
the pores in the film are filled with electrolyte to form a three dimensional electrical 
network. Therefore, the properties of TiO2 film such as morphology, surface area and 
porosity will directly affect the dye loading, electron transport and electrolyte diffusion 
32
. Hence, the careful design of nanostructure of TiO2 and also the fabrication of film 
should be taken into primary consideration to prepare a high efficiency DSSC 
33
.  In the 
past two decades, large efforts have been paid to examine the PV performance of many 
types of nanostructures – nanoparticles (NP), nanotubes (NT), nanowires (NW) and 
nanofibres (NF) for DSSC and to optimize the properties of the nanstructuted 
photoelectrode. These structures have been employed for various performance 
enhancement strategies. 
2.4.1.1 Photoanode based on TiO2 nanoparticles 
The use of a sintered nanoporous TiO2 nanoparticles (NP) based electrode with a high 
internal surface area to support the monolayer of a dye was the early success of DSSC 
34
. 
Typically, the increase of surface area by using mesoporous TiO2 is about a factor of 
1000 in DSSC 
32
. In addition to the surface area, the crystal structure of TiO2 affects the 
dye binding on its surface and electron transport 
35
. It was established that the anatase 
TiO2 with exposed (1 0 1) surface planes is a key factor for a good connection between 
the TiO2 and enables the dye molecules to form high density monolayer on the surface of 
nanoparticle and promotes high electron injection efficiencies 
36






showed that the anatase  NP based photoanode  has a larger dye loading capability and a 
higher electron  diffusion coefficient than the rutile NP.  
The ease of synthesis and the fabrication of films, minimal cost, good control over the 
morphology and efficient light trapping have ensured that these (NP) nanostructures 
provide the basis for the most efficient DSSC till date 
33
. An optimized photoanode 
employs a bottom layer (~15 µm) consisting of 10-20 nm anatase TiO2 NP and ~ 4 µm 
thick top layer of much large particle of ~ 400 nm 
38
. Despite the higher performance, NP 
based photoanode has several disadvantages. Primarily, the small NP is the poor scatter 
of the light.  The large surface area of NP promotes interfacial recombination.  Besides, 
the porous nature of the film does cause the recombination at FTO substrate. Both these 
effects would decrease the short-circuit density (Jsc) and open-circuit (Voc) of DSSC. 
Furthermore, the existence of a large number of grain boundaries and poor inter-particle 
connectivity between the nanoparticles results in a slow electron transport. To overcome 
these problems several strategies have been introduced as illustrated in Figure 2.4. In the 
following sections we describe how these methods would lead to an improvement in the 
performance of a DSSC. 
2.4.1.2 Strategies to enhance Jsc 
The photocurrent produced in a DSSC largely depends on the electron transport 
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where I0 is the incident light intensity, ηlh is the light harvesting efficiency, ηinj is the 





Figure 2.4 A schematic representation of different strategies to tailor the properties of a 
photoanode  
 
efficiency which depends on the electron transport time and electron life time within the 
photoanode. For a given dye, say N3 used in the current work ηinj is invariant. Hence the 
improvement in Jsc can be achieved either by enhancing the ηlh and/or ηcc.  
2.4.1.3 Light management strategies in photoanode 
We first discuss the current and recent developments in photoanode engineering to 




   
                                                                                                                                     
where α is the reciprocal of absorption length and d is the film thickness. Hence, the ηlh 
could be improved by reducing the absorption length or augmenting the optical path 





where the optical cross section of the dye is small 
32
. Optical path length can be extended 
by the localization of light (or light trapping) within the photoanode. The straight forward 
way to allow more light absorption is using optically thick photoanode films. But in the 
thicker films, utilization of all the dye molecules for the light absorption process is not 
guaranteed; furthermore longer transport paths results in loss of electrons by 
recombination 
40
. Thus, a fully or semi- transparent layer of NP would be ideal for a good 
photoanode. So, in order to achieve efficient light harvesting in such films, the light 
management strategies in the contest of DSSC includes  the  use of a light scattering layer 




It has been proposed that the use of a light scattering layer (SL) consists of 400 nm size 
NP along with the nanocrystalline transparent layer (TL) could improve photocurrent 
density substantially due to the fact that the confinement of incident light by light 
scattering particles can cause more photon absorption by the dye molecules [19, 20]. 
When light passes through the TL and collides with the large TiO2 particle of 400 nm, it 
gets scattered strongly as illustrated in Figure 2.5a, thereby increasing the path length of 
the incident light in the photoanode. The scattering efficiency of SL (Figure 2.5a) is 
known to depend on the thickness of SL and also the particle size. Son et al 
44
 have 
systematically studied the effect of thickness of SL at fixed TL thickness. They found 
that the increase in the thickness of SL had improved light scattering but hinder the 
transport of electrons and augments the electron recombination. The saturated thickness 
was found to be ~ 9  μm. Two rutile TiO2  particles with different size of 0.3 μm and 





Figure 2.5 Schematic drawing of light scattering in a photoanode using large size nanoparticles -
NP (a), aggregates nanostructures -AN (b) and metal NP (c) 
 
on the scattering efficiency in thicker films whereas it has pronounced effect when 
applied with thinner films. A smaller scattering particle exhibited a better scattering 
efficiency in the thinner films 
45
. But most highly efficient DSSC with conversion 
efficiency > 10 % were fabricated employing 4-5 μm thick SL consisting of 400 nm TiO2 
particles 
38
.  However, a major disadvantage of the use of large particles as light 
scatterers is that these large particles would cause a significant sacrifice of surface area of 
the photoanode for dye absorption. Additionally, the low porosity of SL may hinder the 
electrolyte diffusion and promote electron recombination 
46
. These issues have been 
prevailed by efficient light management in the photoanode using aggregate 
nanostructures of TiO2 (Figure 2.5b). Aggregates are a type of 3D nanostructure with a 
spherical assembly of nanocrystallites of 15 - 20 nm 
47
. The size of an aggregate is in the 
range of sub-micron meter that is comparable to the wavelength of the light. Hence, an 
aggregate itself can effectively generate light scattering and thus enhance the amount 
light absorbed 
48
.  The aggregates are also highly porous hence no sacrifice of surface 
area for dye adsorption. 
46




efficient light scattering and electron-generation properties have been designed for 
application in photoanode of the DSSC 
30-35
. Several TiO2 aggregate nanostructures such 
as hollow spheres 
49
, nanoporous spheres 
50, 51
, aggregate nanorods 
52
 and others 
53, 54
 
have been successfully applied as SL scattering layer. Most recently, hierarchical rice 
grain shaped TiO2 
55, 56
, aggregate nanorods 
52
, multi-scale porous nanofibres 
57
 and nest 
shaped TiO2 nanofibres 
58
 were synthesized and applied for SL in photoanode. 
Consequently, an apparent improvement in the PV performance of DSSC was observed. 
However, either large size particles or nanocrystalline aggregates inevitably increase the 
thickness of the photoanode and thus renders opaqueness to DSSC. This is a main 
disadvantage for commercial applications where transparency is one of desirable 
characteristics of these cells.  
In a different approach, the photonic crystal  in the form of an inverse opal structure have 
been employed to DSSC in order to enhance the light harvesting in specific parts of 
spectrum in particular at long wave length regions where the spectral response of the 
champion dyes is weak 
43, 59-61
. This concept is based on the nonlinear dispersion property 
of photonic crystal i.e. light waves are localized in different parts of its structure 
depending on their energies. Therefore, the coupling of the photonic crystal layers with 
TiO2 (high dielectric medium) can enhance the spectral response at the red end of the dye 
absorption band by the localization of a certain wavelength light, hence light harvesting 
efficiency of DSSC is improved 
59
. It was demonstrated that the introduction of the 
inverse opal structures helps to increase the light absorbance in the wavelength of 500–
600 nm 
43
. This enhanced absorption property improves the red response of DSSC, 




of colloidal crystals into TiO2 films without causing the pore clogging. More recently, 
Guldin et al have presented a novel approach to integrate the three dimensional photonic 
crystals with mesoporous TiO2 layers 
61
. Although the light harvesting efficiency is 
enhanced using photonic crystals, the overall efficiencies are not very impressive. Most 
of the reported photonic crystals based DSSC have exhibited substantially lower 
efficiency than state-of-the-art devices made with the same material.  
Another way to enhance the optical absorption is the utilization of metallic nanostructures 
as light harvesting components in photoanode 
62-65
. As shown in Figure 2.5c, metallic NP 
such as silver and gold can enhance the apparent extinction coefficient of dye molecules 
adsorbed on it owing to their localized surface plasmonic resonance (LSPR) behavior 
62, 
64
. Remarkable enhancement in photocurrent was achieved by  Hupp and  co-workers 
64
 
by the spatial dispersions of corrosion protected silver nanopaticles  in the TiO2  paste 
(Ag@TiO2). As a result, they observed roughly a 25-fold increase in the overall 
conversion efficiency. The enhanced photocurrent was attributed to increased dye loading 
by the photoanodes following silver incorporation and LSPR enhancement of the 
effective absorption cross section of N719. Similar observations were made by Qi et al 
65
. 
They proposed a generalized method that is compatible with large scale processes such as 
printing and jet-spraying to incorporate small TiO2 coated Ag nanoparticle into the TiO2 
photoanodes as thin as 1.5 μm, they  achieved a PCE of 4.4 %  (vs. 3.1 % using TiO2 
only). Brown  et al 
42
 had shown the plasmon enhanced photoelectron generation by 
employing core-shell Au-SiO2 nanoparticle incorporated thin photoanodes fabricated by a 
simple method that is entirely compatible with the state-of-the-art processing and 




like organic photovoltaics. One of the greatest advantages of plasmon enhanced DSSC is 
that it require thinner film and less material to achieve the same PCE as conventional 
DSSC. However, the full understanding of physical mechanisms that interplay the 
plasmon enhanced photocarrier generation, speeding up electron transfer from the dye 
and inhibiting electron collisions with metal particles needed to be fully optimized. These  
are the current issues to further efficiency enhancements with this concept 
42
. Moreover 
the device stability was not yet demonstrated. 
From the above discussions, we conclude light harvesting efficiency of a photoanode can 
be substantially improved by using SL consisting of single large size particles or sub-
micron size aggregates or incorporating metal NP. In fact, the use of aggregate structures 
as light scatters has received greater attention recently because of their additional benefits 
like more dye absorption, fast electron transport and also eases of production.  
2.4.1.4 Surface treatment  
TiCl4 treatment is commonly employed surface treatment to improve the photocurrents in 
DSSC. TiCl4 treatment is carried out by soaking the sintered films in an aqueous TiCl4 
solution (containing 40−50 mM TiCl4) at 70 °C for 30 min. and sintering again at a high 
temperature 
38
. As a result an ultrathin over coating of TiO2 is formed onto the 
nanaocrystalline film. The benefits of the TiCl4 treatment are manifold:  
(i)   Increase in the dye loading due to increased roughness despite the decrease in surface 
 area  
38
,  







(iii) Reduction surface defect density, thus electron lifetime is significantly increased   
  leading to an  increase in the electron diffusion length 
67
 and 
(iv) Positive shift in the conduction band edge of TiO2 hence the electron injection   
  efficiency is increased 
68
. 
The consequences of TiCl4 post treatment or the degree of improvement in PCE is 
variable and strongly depends on precise control of the concentration of the TiCl4 
aqueous solution. Recently, Lee et al 
69
 examined the effect of TiCl4 content over a range 
of concentrations. It was shown that in the low concentration region 5 mM, electron 
transport is improved while in the intermediate concentrations 15-100 mM, light 
harvesting efficiency is improved due to enhanced dye loading resulting from the larger 
surface area of the films associated. In the high concentration region 500 mM, the light 
scattering in the film in the long wavelength region of the visible spectrum was 
improved. This results in the formation of the higher refractive index rutile TiO2 
overlayer covering the anatase film. However, excess concentrations of TiCl4 lead to 
formation of thick TiO2 overlayers leading to pore clogging, hence a slower transport and 
loss of cell performance. Thus, a precise control of TiCl4 concentration in aqueous bath is 
vital for the benefit of this surface treatment.  Over all, the surface treatment by TiCl4 
post treatment results in the improvement of ηlh, as well as ηcoll owing to higher dye 
absorption, enhanced electron transport properties and increased electron life time. 
Therefore, higher short circuit density and conversion efficiency are obtained. 
The surface of TiO2 has been also treated with strong acids such as HCl, HNO3 and 
H2SO4 to improve the PCE 
70-72
. The HCl pretreatment of TiO2 films before dye 




the photocurrent which resulted from a significant increase of dye loadings due to 
protonation of TiO2 surface and also increased electron injection owing to a positive shift 
of the flatband for TiO2 
70
. On the other hand, Jung et al 
71
 showed that the HNO3 
treatment of the photoelectrode results in enhancement of both Jsc and Voc. They have 
concluded that the tiny NO3
¯
 anions adsorbed on naked sites on the TiO2 surface could 
retard the backward transfer of electrons, increasing the life time and thereby collecting 
more charge carriers.  
2.4.1.5 One dimensional nanostructures  
The primary drawback of the NP as phtotoanode is the extremely small apparent 
diffusion coefficient predominantly due to electron traps at grain boundaries at contact of 
two NP, surface states etc., thus slowing down electron transport and enhancing 
recombination and in all receding the electron collection efficiency 
73
. In this regard, one-
dimensional (1D) nanostructures such as nanotubes (NT), nanowires (NW), nanorods 
(NR) and nanofibres (NF) are preferable since they offer direct pathways for electron 
transport due to their unique characteristic of one dimensionality (Figure 2.5 b & C). 
Therefore, the electron diffusion coefficient in 1D nanostructures film is larger than that 
in the NP film 
74
.  
NT is superior to other 1D nanostructures like NR or NW because they offer larger 
surface area since both inner as well as outer wall of tubes are available for dye 
adsorption. Much higher electron diffusion length in nanotubes than in NP in DSSC was 
first recognized by Uchida and co-workers who prepared NT of 8-10 nm in width and 
about 100 nm in length by hydrothermal method and  obtained an efficiency of 3 % 
75
.  





Figure 2.6 A schematic representations of electron transport path ways in photoanodes based on 
NP (a), NT (b) and NR (c)  
 
such as tube morphology, tube dimensions (length, diameter) and crystal structure 
towards higher conversion efficiency.   
Recently, Kang‟s group 76 employed a two-step fabrication technique to prepare  free-
standing, 35 µm thick TiO2 NT arrays on FTO and achieved efficiency as high as 7 %.  
Varghese et al 
77
 have directly grown on the FTO, vertical NT with lengths between 0.3 
and 33.0 µm using a novel electrochemistry approach and yielded an efficiency of 6.9 % 
77
. A comparable performance, 6.3% was reported by Lin et al 
78
, using a free-standing 
NT array with a flat bottom and fully opened NT ends for the photoanode which would 
be particularly beneficial to use with solvent-free viscous electrolyte. However, the NT 
systems are not as well progressed as the NP based cells. Therefore, a considerable room 
for improvement of the NT system is foreseen. 
Other promising 1D nanostructures are TiO2 nanowires (NW) that has also attracted a 
much interest regarding the applications in DSSC 
73, 79, 80
. NW is elongated solid 
nanostructures with indefinite length. To date, the best  efficiency of the NW based 
DSSC is 5.0 % which is much lower than that of the NP based DSSC 
73
. This is due to 




Nanofibers (NF) and nanorods (NR) are another class of 1D nanostructure. The main 
advantage of these structures is that the continuous TiO2 NF can be obtained by the 
method of electro spinning which is a facile a facile, cost-effective and commercially 
most viable 
81
. The pioneering work from Ramakrishna et al have produced continuous 
NF and NR using novel methods based on electrospinning 
82
. Archana et al 
83
 have 
produced TiO2 NR with a diameter of ∼150 nm, length of ∼3-4 µm with a conversion 
efficiency of 4.2 %.  
Most of the 1D TiO2 nanostructres are produced employing the complex synthesis 
methods. In fact, growing them vertically on the substrates is very challenging with the 
existing methods of preparation. In fact, PCE of DSSC based on 1D nanostructures is 
much lower than NP, but they could alleviate the efficiency when mixed with NP by 
virtue of the property of rapid, unidirectional electron transport.  
2.4.1.6 Composite nanostructures 
Composite nanostructures refer to the mixture of NW or NF or NR and NP. They are 
often referred to as nanocomposites (NC) in the literature (Figure 2.7). The basic purpose 
of using composite nanostructures is to combine the advantages of NP (high surface area)  
 
Figure 2.7 A schematic representation of electron transport path ways in nanocomposites based 
photoanodes: randomly distributed NR in NP (a); vertically aligned NT (b) and NR (c) - mixed 




and NW / NT (fast electron transport) or in other words to overcome the short comings of 
both, say NW and NP as discussed in the above sections. 
The relative compositions of NW and NP in NC electrodes and the orientation of NW or 
NT are crucial in achieving the better efficiencies. Wu et al 
84
 has shown that the electron 
diffusion coefficient (De) is strongly dependent on the NW percentage in a NW-NP 
composite. Highest De has marked for a certain weight percent of NW in NW-NP 
composite. They discovered that De values in NW-NP electrodes are lower compared that 
of NP because NW are randomly aligned in the composite electrode (Figure 2.7a). Tan et 
al 
85
 reported that the use of a photoanode made of a NW-NP composite with small 
amounts of NW (< 20 wt %) did not contribute to the improvement of electron transport 
since no NW networks were formed. For 20 wt. % of NW in NC, an efficiency 
improvement from 6.7 % (for NP only) to 8.6 % was observed due to longer diffusion 
lengths caused by NR network. NW also contributed in preserving the crack-free thick 
films. A highest efficiency of 9.0 % was reported by Adachi et al 
86
 using single-crystal 
like anatase TiO2 NW as photoanode in DSSC. Joshi et al 
87
 reported an improvement in 
Jsc and  efficiency by > 40 %  by combining NF (15 wt. %) with NP. This was attributed 
to the improved light harvesting of NC photoanodes caused by light scattering and high 
dye uptake. Incorporation of NR (10 wt. %) into NP has resulted in 25 % enhancement in 
the efficiency due to increased electron transport rate 
88
. Such high performance was 
attributed to the fast electron transport in NR and high dye loading compared to devices 
based on P25. Ai et al 
89
 filled the interspace between the vertically aligned nanorod 
arrays with NP (Figure 2.7c) resulting in more dye absorption. Thus, photocurrent and 






grown NP between the interstices of the nanodendrites (ND) array. The rutile TiO2 ND -
NP composite based DSSC has exhibited superior performance than the DSSC based on 
NP TiO2. The NP in the space acts as bridge between ND and has significantly improved 
electron life time with a marginal decrease in transit time, resulting in overall 
improvement in the efficiency. 
Addition of TiO2 NT bundles into TiO2 NP electrodes had lead to an improved electron 
transport as represented by improved De and ηcoll despite relatively poor electron life 
times 
91-93
. Similar observations were also made by other authors 
94-96
 by forming 
composites inﬁltrating NP to NT of TiO2. 
Besides, 1D nanostructure TiO2 NP based composites, multi-walled carbon nantotubes 
(MWCNT)-TiO2 based composites based photoanodes were also applied in DSSC. Lee et 
al 
97
 used nanocomposite of MWCNT with carboxylic acid groups and TiO2 NP for 
DSSC, and obtained a conversion efficiency of 4.97 % with a 0.1 wt. % MWCNT. Yen et 
al 
98
 used a modiﬁed method to synthesize MWCNT-TiO2 nanocomposite and examined 
their  PV performance. They emphasized that the optimum CNT loading is necessary to 
realize an efficiency of 4.62 %. Lee et al 
99
 have also recorded a DSSC efficiency of 5.02 
% using MWCNT-TiO2 composite which projects improvement by ∼50 % over the case 
without MWCNT. Recently, Muduli et al 
100
 have shown improvement in the efficiency 
of DSSC (∼7.4 %) by almost 50 %. This enhancement in the efficiency is attributed to 
the efficient charge transfer from TiO2 to MWCNT and efficient electron transport. 
Peining  et al  
101
 succeeded in fabricating MWCNT nanofibers-TiO2 composite by 
electrospinning. The incorporation of MWCNT nanofiber (0.2 wt. %) resulted in an 






 fabricated carboxylic acid functionalized MWCNT nanofibers-TiO2 for 
photoanode to investigate the role of MWCNT. At an optimal level of 0.02 wt. % of 
MWCNT, 30 % increase in device efficiency is noted which was attributed to an 
enhanced Jsc. The improvement on Jsc was correlated with an enhanced interconnectivity 
between MWCNT-COOH and TiO2 nanoparticles forming an alternative electrical 
conduction pathway along tubes to facilitate rapid electron transport in the photoanode 
102
.  Incorporation of 0.3 wt. % MWCNT into nanofibers has resulted in a substantial 
improvement in the efficiency by 25 % owing to enhanced electron injection and 
collection efficiencies 
103
. Some research groups have fabricated TiO2-grapahene 
composites for photoanode of DSSC 
104-107
. The successful in-situ incorporation of 
grapahene has improved the contact between the particles and creates a continuous 
electron conducting network to the transparent electrode, facilitating the transport of 
photoinjected electrons and lowering probability of recombination 
107
. A graphite 
(0.01wt. %)- TiO2 composite powders as photoanode has shown an increase in efficiency 
of DSSC by 30 %, mainly contributed by the significant increase in conductivity owing 
to the high conductivity of graphite 
105
. Graphitic thin films embedded with highly 
dispersed TiO2 nanoparticles were employed in DSSC to enhance the conductivity in 
photoanode. Consequently, a 40-fold increase in efficiency is recorded 
108
. 
2.4.1.7 Altervalent doping of TiO2 
Doping of TiO2 by metallic or non-metallic elements has been shown to be an effective 
method to improve Jsc and/or Voc, thus the efficiency of DSSC 
109-118
. The doping of TiO2 
has lead to significant enhancement of electrical conductivity 
111, 114
, a shift in the Fermi 
level potential 
113, 119
, change in recombination rates 
115




characteristics of TiO2 
120
. The details of various doped TiO2 materials that are applied 
for photoanode are reviewed in chapter 6.  
2.4.1.8 General outlook: A prospective photoanode 
Despite the fact that the use of either 1D or composite nanostructures has lead to an 
improvement in the efficiency of DSSC, it is still lower than the world record efficiency 
of devices using nanoparticle only. This is mainly because of poor LHE of 1D 
nanostructures. While this limitation could have been overcome by the composite of 1D 
nanostructure and nanoparticle, it would be a challenge to organize the nanoparticles in 
an ordered manner within 1D nanostructure due to nanoparticle aggregation. 
Furthermore, it is difficult to ensure intimate contact of nanoparticle with neighboring 1D 
nanostructure, thus affecting the enhancement of electron transport between the 
nanoparticle and 1D nanostructure. Most notably, the complexity of production of the 1D 
nanostructure poses a serious limitation to the mass application of DSSC that may 
prevent them for commercial applications. 
In summary, the author would like to emphasize on mesoporous TiO2 aggregate 
structures which offer large internal surface area comparable to or higher than that of 
nanoparticles and can significantly augment the dye loadings in photoanode while 
promoting electron mobility. Most importantly, the light scattering ability of these 
aggregates would promote superior LHE of photoanode film when compared to 
conventional ones thus rendering the multi-functionality. Therefore, one can expect a 
breakthrough in DSSC efficiency by adapting mesoporous TiO2 aggregate as a 
photoanode. However, the synthesis of TiO2 aggregate with suitable size and porosity 




synthesis approach to prepare TiO2 aggregate with tunable surface area and porosity to 
optimize the device performance. Also, this work highlights the importance of tuning the 
electrical properties of non-aggregate TiO2 nanoparticle (prepared by hydrothermal 
method) by doping with altervalent cations as a powerful strategy to maximize DSSC 
performance. Superior reproducibility of the device performance of doped TiO2 
nanoparticle which will be demonstrated in Chapter 6 further signifies the technical 
interest of such photoanode in promoting commercialization of DSSC. 
2.4.1.9 Strategies to enhance Voc and/or FF 
The main decisive factor for Voc and FF of a DSSC is the recombination of electrons with 
I3¯ ions in the electrolyte which generates recombination or dark currents. The dark 
currents will lower the Voc according to the following equation 
121
: 
              
   
  
                                                                                                             
 
where n is the ideality factor whose value is between 1 and 2 for the DSSC, R is ideal gas 
constant , F is Faradays constant, Isc and  I0 are the short-circuit and dark current 
respectively. There are two recombination pathways in DSSC as defined by Equations 
2.8 and 2.9. The electron recombination occurs notably at two interfaces, namely 
TiO2/electrolyte and FTO/electrolyte. Therefore, recombination should be controlled to 
obtain higher voltage and FF.  
2.4.1.10 Core-shell nanostructures  
The porous nature of photoanode of DSSC offers larger electrode surface area for dye 
adsorption as well as for recombination reactions between photoinjected electrons and I3¯ 




recombination” is critically important to improve the efficiency of the DSSC. Because it 
intercepts with electron transport, interfacial electron recombination affects Voc by 
enhancing the dark currents and also photocurrent by decreasing the forward injection 
currents 
33
. To surmount these problems core-shell nanostructure had been developed and 
applied in DSSC. In this approach, TiO2 particles are typically coated with a 
heterogeneous oxide layer of few nm thick. The over layer acts as a shell to the core (or 
host) TiO2 nanoparticles by blocking the back electron transfer. The prerequisites of shell 
oxides are summarized below: 
1. The C.B edge of shell material must be more negative than that of the core oxide, so 
 that core energy barriers at core-shell is formed to retard the back transfer of 
 photogenerated electrons from the C.B of material, 
2. The barrier height and thickness of shell layer necessarily should be as small as 
 possible, so that electron injection from excited state of the dye to C.B of core oxide 
 would not be affected and 
3. The C.B edge of shell material is either negative or positive to the excited state of the 
 dye. 
Figure 2.8 a & b shows the energy level diagram illustrating the two types of core-shell 
structure employed in DSSC. The insulating metal oxides such as CaCO3, BaTiO3, MgO, 
ZrO2 whose C.B edge is more negative to the LUMO of dye forming an insulating energy 
barrier at the core-shell interface (type 1) and electrons will tunnel through the shell layer 
(Figure 2.8a). The high band gap semiconductor metal oxides like ZnO and Nb2O5 whose 
C.B positions are lower to the LUMO represents core-shell of type 2 (Figure 2.8b) with 







Figure 2.8   Schematic of energy level diagram of core shell nanostructures in DSSC. 
C.B of shell oxide is above LUMO of the dye (a), C.B of shell oxide is below LUMO of the dye 
(b) and control of electron leakage using a blocking layer  
affects ηinj. The results from various core-shell nanostructures employed in DSSC are 
summarized in Table 2.6. 
The utilization of core-shell nanostructure in a photoanode affects the PV performance in 
a complicated way. The overall improvement in the efficiency depends on the 
competition between the improvements between Jsc and Voc. The shell oxides with iso- 
electric point higher than that of core TiO2, improve the Voc of DSSC. This increase in 




recombination or negative shift of the C.B of the core TiO2 due to dipole layer formed at 
core-shell interface resulting from differences between the core and shell materials with 
respect to their electron affinity 
122
. 
From the above discussion it is clear that there is an ambiguity in understanding the 
effects of core-shell nanostructures in DSSC. Thus, further study is needed to find out a 
general strategy to identify new shell material, indeed the basic challenge lies in 
controlling the shell thickness more precisely at a large scale. 
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2.4.1.11 Blocking layers  
The electron recombination at FTO/TiO2 interface reduces Jsc and Voc. Thus, the 
suppression of the electron back transfer at this interface is crucial for improving the 
performance of DSSC. The introduction of a blocking or compact layer between the 
interface of the FTO/ TiO2 (Figure 2.8c) has been proven practically effective to control 
the electron recombination. This compact layer should be much denser than the TiO2 
layer so that it can effectively block the bare FTO sites to come in contact with the redox 
electrolyte 
132






 are used as novel blocking layers. Among them, the 
compact TiO2 layer is the most suitable candidate as the blocking layer and has been 
employed widely because it can be readily deposited onto FTO by a simple treatment in 
an aqueous TiCl4 bath. Lee et al 
137
 found that Nb doped TiO2 can also be a potential 
blocking layer owing to lower resistance to electron transfer from Nb-TiO2 to FTO 
compared the resistance between TiO2 to FTO. 
2.4.1.12 Surface passivation by additives and co-adsorbents 
Treating the TiO2 surface with organic adsorbents such as pyridine 
138-140
 and its 
derivatives like 4-tert-butylpyridine (TBP) 
141
 has been shown to improve the efficiency 
of DSSC due to increased photocurrent and photovoltage yields. The positive effects 
related to this additive can be accounted in terms of steric blocking of the TiO2 surface 
and deactivation of recombination sites at TiO2.  But in most studies TBP was added to 
the electrolyte as an additive to enhance Voc by suppressing interfacial recombination
142-
144
. In either case pyridine molecules adsorbed on TiO2 surface, effectively blocks the 
defect states consequently electron back transfer rate is reduced 
143




adsorption of guanidinium thiocyanate has also led to an increase in Voc due to a 
significant decrease in charge recombination
145, 146
. 
Surface passivation by the co-adsorption of several organic acids such as   
hexadecylmalonic acid 
147
, decylphosphonic acid 
147
, 4-guanidinobutyric acid 
148
 and  
chenodeoxycholate 
149
 was shown to shield the surface recombination and increase Voc.       
2.4.2 Dyes 
Dye (or sensitizer) in a DSSC plays a key role of absorbing solar radiation and generating 
electron-hole pairs. Its properties significantly influence the light harvesting, electron 
injection and overall PCE 
150




1. The dye should have a strong absorption capability from blue end of the visible 
spectrum to near infrared, 
2. The excited state of the dye necessarily must be more negative than C.B edge of the 
TiO2 for electron injection, 
3.  It should contain suitable anchoring groups such as carboxylate, phosphonate or 
hydroxyamate to be firmly coupled to the TiO2 surface, 
4. Its ground state should be more positive than the redox potential of the electrolyte for 
regeneration of oxidized dye and  
5. It should be stable enough in photoelectrochemical environment for long time 
exposure to sunlight. 
Since the discovery of DSSC, exploratory research on design of several families of dyes 
has been extensively performed to meet the above requirements
31, 150
. Two types of 




complex organic dyes include polypyridal complexes of ruthenium, osmium and iridium 
porphyrins, phthalocyanines were extensively researched 
11
. To date carboxylate 
polypyridal ruthenium dyes are most successful dyes due to their unique features viz. 
well matched energy levels, relatively long lived excited states and broad visible 
absorption 
151






 , N749 (known as black dye) showed 
unrivalled PV performance. More than 11 % efficiencies are achieved for DSSC based on 
these dyes under standard testing conditions 
154, 155
. Another classical dye is Z907, 
containing additional hydrophobic chains which is specially designed to display an 
enhanced stability towards desorption from TiO2 induced by water in the liquid or gel 
electrolyte 
156
.  Later on the molecular engineering of Ru polypyridal complexes based 
dyes has generated two dyes C101 and C106 with high molar absorptivity and long term 
stability exhibiting PCE over 11 % 
157, 158
.  
The fundamental disadvantage of Ruthenium dye is the low molar absorptivity so high 
surface area nanoparticles or thicker photoanodes are required for obtaining light 
harvesting efficiency over 90 %. This pair of requirements avoids their potential use with 
non-volatile or solid state electrolyte, to overcome long-term stability issues 
3
. This has 
motivated the rapid development of metal-free organic dyes which offer very attractive 
prospects to overcome these drawbacks as their extinction coefficients in the visible are 
much higher than those of the ruthenium complexes employed so far. This allows light 
harvesting to be accomplished with a thinner photoanode 
159
. Besides, they can be 
prepared and purified at  relatively low cost also good ﬂexibility in molecular tailoring 
160
. Therefore, the investigation of DSSC using metal-free organic dyes is very important 




many classes of new organic dyes with efficiencies over 5 %  including coumarin, 
triarylamine, carbazole, dialkylaniline, melocyanine indoline dyes and several others. The 
synthesis and performance of DSSCs based on these dyes have been recently reviewed 
extensively by Bäuerle et al 
161
,  Hagfeldt and co-workers 
11
. Except indoline dyes, most 
successful dyes are based on donor-π-bridge-acceptor (D-π-A) configuration. Table 2.2 
provides a summary of the details of a few classes of dyes.  
Table 2.2 Structural details, properties and DSSC efficiency of a few classes of organic dyes 
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Indoline rhodanine framework 





















APCE: absorbed photon-to-collected electron conversion eﬃciency; # The efficiency vaules in the 
paranthesis correspond to the DSSC using a coadsrobent; 
† 






Triarylamine classes of D-π-A organic dyes have been developed widely due to strong 
electron donating ability and hole transport properties of the triarylamine  unit 
165
. The 
highest efficiency is recorded so far for a DSSC based on triarylamine based dye C219 is 
10.3 %  and 8.9 % for a volatile and solvent free ionic electrolyte respectively 
165
. This is 
the highest efficiency recorded to date for a metal free dye. Nevertheless many organic 
dyes have often presented low conversion efficiency and low operation stability 
compared to metal complexes dyes. A practical limitation of DSSC based on organic 
dyes is the lower Voc when used with I¯/ I3¯ redox couple compared to DSSC based on 
ruthenium polypyridyl dyes 
161
. This could be due to intermolecular quenching of dye 
aggregates and slow dye regeneration. The foremost solution could be the molecular 
engineering of dye structure to avoid inherent aggregation and promote rapid hole 
transfer to the redox mediator.   
Most notably, it was found that a large number of organic dyes containing thiopene units 
as the linker group which can be strongly bonded to dye forming dye-I3¯ complex. As a 
result, the local concentrations of I3¯ at TiO2/electrolyte interface, increasing undesirable 
electron recombination 
3, 169-171
. These findings have provided a stimulus for researchers 
to investigate for alternative redox electrolytes. To date, the most successful alternative 
redox couple is cobalt(II)/cobalt (III) complexes. A successful combination of metal free  
D-π-A zinc porphyrin dye  YD2-0-C8 and Co(II/III) tris(bipyridyl) electrolyte in DSSC has 
produced a record efficiency of 12.05 %.
9
. Therefore, the metal free organic dyes offer 




2.4.3 Redox electrolytes 
The basic function of redox couple is to regenerate the dye cation by transferring 
electrons from the counter electrode and thereby completing the electrical circuit. Hence, 
it often called as a „redox shuttle‟. The properties of redox couple in the electrolyte can 
influence reduction of the oxidized dye and other processes such as electron transfer at 
counter electrode. Therefore, the choice of redox couple is crucial. According to 
Wolfbauer et al. an ideal redox couple for the DSSC should fulfill the following criteria 
172
: 
1. Redox potential of the redox couple should be located more negative to HOMO of the 
dye, such that a minimum voltage loss occurs. 
2. High solubility to the solvent to ensure high concentration of charge carriers in the 
electrolyte, 
3. High diffusion coefficients in the used solvent to minimize the mass transport 
problems, 
4. Should not exhibit significant absorption in the visible region,   
5. High stability of both the reduced and oxidized forms of the couple to enable long 
operating life, 
6. Highly reversible couple to facilitate rapid electron transfer kinetics and 
7. Should be compatible with the sealant material to avoid losses by evaporation or 
leakage.  
Since, the discovery of DSSC, I¯ / I3¯ redox couple is the most successful pair in a 
organic solvent due its extraordinary properties like fast dye regeneration and slow 
recombination rate of I3
¯




to regenerate the dye at the anode. It is also regenerated when triiodide is reduced at the 
cathode. The organic solvents in the electrolyte include nitrile compounds (acetonitrile, 
valeronitrile, 3-methoxypropionitrile and propionitrile) and ester compounds (propylene 
carbonate, ethylene carbonate, and γ-butyrolactone) 11, 173. Alkali metal cations are 
usually added to the electrolyte to enhance the conductivity of the electrolyte. Among the 
all, Li
+
 is the most viable cation in liquid electrolyte. It has been observed that the 
adsorption of Li
+
, on the TiO2 surface cause the positive shift of C.B 
174
, which partly 
compensated by a concomitant suppression of interfacial recombination resulting in low 
loss in voltage 
175
. However, the small loss of photovoltage in the presence of lithium 
ions is overcompensated by the photocurrent gain  due to increased electron injection 
176
. 
Indeed, adsorption of lithium ions on TiO2 surface may generate dark currents. To 
counteract this problem alkyl imidazolium cations are often added to the electrolyte 
which form a Helmholtz layer on surface of TiO2 to prevent the recombination of the 
I3¯and the electrons with lithium cation 
177, 178
. Additives like 4-tert-Butylpyridine (TBP) 
141
, guanidinium thiocyanate (GCN) 
146
 and thiourea 
179
 were also used in the electrolyte 
to control the interfacial recombination to improve the overall performance.  
Though the I¯/I3
¯
redox couple shows remarkable performance in DSSC, several negative 
features such as corrosiveness and low redox potential limit for Voc have driven ongoing 
quest in the search of alternative redox couples. Two main directions can be recognized, 
one toward alternative inner sphere redox couples as I¯ / I3
¯
 and another aiming at 
transition-metal based systems.  Wang et al 
180
 first used Br¯/ Br3
¯
 as a redox couple with 
Eosin Y dye in their DSSC and obtained Voc of 815 mV which is much higher than that of 
I¯ / I3
¯
. This is because the redox potential of Br¯ / Br3
¯




Table 2.3 Properties of alternative redox couples and the best PV performance of DSSC using 
organic solvents based electrolyte and platinum as catalyst for CE 
S. 
no 
Redox couple Eredox 
c
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T: 1-methyl-1-H-tetrazole-5-thiolate anion and T2 is its dimer; 
b
 TMTU: tetramethylthiourea and 
[TMFDS]
2+
 :    oxidized dimer tetramethylformaminium disulfide cation. 
c
 vs. NHE; 
b, d, e
 compared to I¯ / I3
¯




, Voc: mV, FF: %, η: %; 
#
 solvent free ionic liquid (EMISeCN); 
†




positive than the I¯ / I3
¯
(about 0.35 V vs. NHE) 
191
. But slow dye regeneration due to less 
driving force available and no improvement in overall efficiency were noted.  Moreover 




  or Br¯ / Br3
¯
   











 and metal based Co(II)/Co(III) complexes 
9, 185-188
 dissolved in 




. DSSCs based on 
Co(II)/Co(III) redox system have made significant progress in terms of efficiency in the 
last few years.  This redox couples in conjunction with metal free organic dyes in DSSC 
have exhibited excellent PV performance, because the higher molar absorptivity of 
organic dyes allowing the use of thin TiO2 films, therefore alleviates the interfacial 
charge recombination and also mass transport problems associated with Co(II)/Co(III) 
based couples. Apart from cobalt-based redox couples, complexes of other metals 
Ni(III)/Ni(IV)  and [Cu(dmp)2]
+/2+
 have also been tested. 
2.4.4 Counter electrode 
The counter electrode (CE) is one of the most important components in DSSC. The 
function of the CE is to transfer the electrons arriving from the external circuit back to the 
redox electrolyte and to catalyze the reduction of I3
¯
 ion. The basic requirements for a 
material to be used as CE can be summarized as below 
11
: 
1. It should have low-charge transfer resistance, 
2. Excellent catalytic activity for thereduction of the oxidized species of redox couple, 




4. Durable (mechanically stable) for long term usage. 
Usually, platinum coated FTO is used as CE owing to its high catalytic activity and high 
corrosion stability against iodine in the electrolyte. Several simple, low-cost methods 
have been proposed to prepare CE with highly catalytic activity and low loadings of 
platinum 
193-196
. Nonetheless, the obvious disadvantages of platinum (Pt) such as high 
costs and limited availability have restricted its application to the large scale production. 
This has promoted great interest in developing a low cost, highly catalytic Pt free CE for 
DSSC. Carbon based materials possess the merits of low cost, good catalytic activity, 
electrical conductivity, high thermal stability and corrosion resistance, hence they were 
extensively investigated for DSSC 
138, 184
. Some carbon nanostructures including carbon 
nanoparticles and electrospun carbon nanofibers have been successfully used as a low 
cost alternative to Pt in DSSC. Kay and Grätzel 
197
 first time introduced a graphite/carbon 
black mixture as a counter electrode due to its low cost and abundance. This pioneering 
work stimulated intensive research to evaluate various carbon nanostructures including 
graphite, carbon black and carbon NT as a low cost alternative for Pt for CE of DSSC. 
Table 2.5 shows the best PV performances of DSSC using CE based various carboneous 
materials. Although carbon materials are regarded as good catalytic agent for CE in 
DSSC, they do suffer from several disadvantages such as poor bonding strength between 
the carbon films and substrate, films opacity which limit its practical use for mass 
production. It is believed that developing transparent carbon CE for DSSC will become a 
promising research direction in the future 
184
. Other than the carbon materials, organic 
polymers, inorganic compounds, metals and composite structures are also successfully 
applied in DSSC. Pringle et al 
198




substrate for CE in DSSC and achieved  a high efficiency of 8.0 % for liquid electrolyte 
containing I¯/I3¯redox couple. Despite their advantages of transparency and high 
catalytic activity, their poor chemical, thermal and photo stability pose a serious problem 
for practical applications 
199
. Inorganic compounds CoS on ITO flexible substrate 
200
 and 
TiN nanaotube arrays on Ti foil 
201
 are proven to be excellect CE for DSSC. MoS2 and 









Table 2.4 PV performance DSSC based on various carbon nanostructures as catalyst for CE 
Carbon 
nanostructure 














FTO less AN 11.7, 675, 74.0, 5.9 



















FTO MPN 13.3, 699, 67.3, 6.2 











SWCNT FTO AN 8.5, 740, 56.0, 3.5 Low Rct 
208
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, Voc: mV, FF: %, η: %; AN: acetonitrile, VN: Valeronitrile, MPN: 3-methoxypropionitrile;  












 and TiN/CNT 
214
 are 
employed in DSSC. Remarkable efficiencies in the range 4.5 % to 7.0 % have been 
achived using composite electrodes. 
In summary Pt CE are effectively used in DSSC with benchmark efficiency. To 
overcome the short comings of Pt as CE material much recent activities have been 
focused in developing Pt free carbon materials, organic polymers, nitrides and metals for 
a CE of DSSC. The composite CE could also being of great prospect for designing high 
efficiency DSSC, since they exhibit the properties of two or more materials.  
2.5 Objectives of the present work 
The objective of this thesis is to develop the understanding of the characteristics of an 
efficient TiO2 photoanode for high performance DSSC, especially in low light conditions. 
The possibility of replacing the most widely used bilayer structure in a photoanode with 
novel TiO2 aggregate is evaluated.  Also the usefulness of the metal–ion doping of TiO2 
to meet the similar requirements have been demonstrated. With different photochemical 
and electrochemical analytical techniques detailed information about the electron 
transport and recombination properties in a photoanode of DSSC are to be examined and 
interpreted.  In the course of the work, the focus is also to gain hands on experience in 
fabricating an efficient DSSC and to accomplish the skills to synthesize TiO2 
nanostructures. In the end the best photoanode is used in combination with metal free 
organic dye to investigate how a change in a molecular structure affects the performance 





3. Device Preparation and Characterization Methods 
 
3.1 Introduction 
This chapter describes the details of DSSC device preparation, independent 
characterization and analysis used in this thesis work. Details of different components in 
DSSC assembly are presented in the first part. In the second part, the experimental set 
ups and description of various characterization methods such as photocurrent-voltage 
characterization, incident-light-to-current conversions efficiency (IPCE), intensity 
modulated photocurrent spectroscopy (IMPS), intensity modulated photovoltage 
spectroscopy (IMVS) and electrochemical impedance spectroscopy (EIS) are presented. 
The details of various structural characterizations were presented in later chapters when it 
is required.   
3.2 Materials  
3.2.1 Chemicals 
Unless otherwise specified, all the chemicals were of high purityand used as received 
without further purification. Absolute ethanol (99.99 %) and titanium tetrachloride, TiCl4 
(99.9 %) were obtained from Merck Chemicals Ltd. Titanium isopropoxide, TiPR  (98 
%), α-terpineol anhydrous, t-butyl pyridine, TBP (96 %), Iodine, I2 ( ≥ 99.5 %), lithium 
iodide, LiI (99.9 %), guanidinium thiocyanate, GCN (98 %),  acetonitrile, ACN (99.8 %), 
valeronitrile (99 %) and hexachloro platinic acid, H2PtCl6 (98 %) were purchased from 
Sigma-Aldrich Pte Ltd. Two kinds of pure ethyl celluloses, EC1 (5–15 mPas @ 5 % in 
toluene:ethanol / 80:20 at 25 
o






C) were also purchased from the same company. Ethyl cellulose was obtained from 
Tokyo Kasei Kogyo Co. Ltd, Japan. 
Octyl trimethyl ammonium bromide, OTAB (98 %), decyl trimethyl ammonium bromide, 
DTAB (98 %), cetyl trimethyl ammonium bromide, CTAB (98 %) and sodium hydoxide , 
NaOH (99 %) were purchased from Alfa Aesar. 
1-propyl-2, 3 dimethyl-imidazolium iodide (DPMII), Ruthenium 535 (cis-
is(isothiocyanato) bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(II)) also known as 
N3 dye and Surlyn (60 microns thick) thermoplast hot-melt sealing foil were obtained 
from Solaronix SA, Switzerland. 
3.2.2 Conducting glass substrates 
Highly fluorine doped tin oxide transparent conducting oxide films deposited on glass 
plates (FTO) were purchased from AGC Electronics (S) Pte Ltd, Singapore or Pilkington, 
USA. The technical specifications as provided by the producers of respective FTO 
substrates are given in Table 3.1. A selection of commercially available FTO has been 
compared in Table 3.1 concerning their optical, electronic properties and the cost. TEC-8 
substrates are used in majority of the work reported here because it has less resistance 
and also much cheaper. Besides, the substrates are available in big sizes (~30 cm x 30 
cm) which can be cut into desirable sizes as per the requirement. 
Table 3.1 Details of the FTO substrates used for fabrication DSSC devices 
Substrate Resistance 
/ (Ω /     ) 
Transmission 
@ 550 / % 
Thickness 
/ mm 
Cost / SGD 
(2.2 cm x1.6 cm) 
 
AGC ~ 12 ~ 80 1.1 1.50 





3.3 Preparation of TiO2 pastes 
The following methods have been employed to prepare TiO2 pastes used in this work.  
3.3.1 Method - TP1 
The preparation of the paste involves mixing of TiO2 powder and ethyl cellulose (EC), 
 (binder) in the weight ratio 1:0.1 and grinding in agate mortar for one hour to obtain a 
fine, uniform powder. To this mixture, α-terpineol was added drop by drop until a viscous 
paste is formed. Equal amount of α-terpineol was added each time, to maintain constant 
viscosity. The paste thus obtained was stored in a closed air tight container. The paste 
prepared by this method was found to be most suitable for the preparation of films by 
doctor blading method. The paste prepared by this method is small in quantity and need 
to be used on the same day or next day. To overcome this limitation we further developed 
another method described below. .  
3.3.2 Method - TP2 
Screen printable titania paste was prepared by mixing certain known quantity of 
synthesized titania powder (0.2 g) with two different types of ethyl cellulose, EC1 (5–15 
mPas) and EC2 (30–50 mPas) in the proportion of 28 wt % and 46 wt % of titania 
respectively. The composition of ethyl cellulose was similar to that reported previously 
215
. To this mixture, an appropriate quantity (0.75 ml) of α-terpineol was added carefully 
to obtain a viscous paste. A few drops of acetyl acetone were added to prevent re-
aggregation of TiO2 and improve the mechanical stability of calcined film 
216
. The 
accurate measurements of amount of all the components is crucial for obtaining the final 
paste with uniform rheology which was verified by measuring the thickness of the films 





Figure 3.1 Demonstrating the feasibility of storage of TiO2 paste prepared by method: TP-2 after 
2 weeks (a); TP-3 after - 2 weeks (b) and 15 weeks (c) 
 
prepared at once by screen printing method. However, we had noticed an aggregation of 
TiO2 nanoparticles when paste was stored for more than 2 weeks until deposition. Indeed, 
by addition of several drops of terpineol and well mixing yielded similar paste as on the 
day of first preparation and a marginal reduction in efficiency of DSSC is noticed. 
3.3.3 Method -TP3 
The various components used were same as in above method. Ethyl cellulose, EC1 (5–15 
mPas) and EC2 (30–50 mPas) in the proportion of 28 wt % and 46 wt % of titania 
respectively were dissolved beforehand in an ethanol solution by stirring for 0.5 h. Then, 
0.2 mgs of titania was added slowly to above solution under stirring. After 0.5 h magnetic 
stirring the paste mixture was sonicated for 5 mins (5 sec. work + 5 sec. rest). 0.75 ml of 
α-terpineol was added carefully under stirring along with the addition of a few drops of 
acetyl acetone.  The paste mixture was stirred for 15 h, with periodic inspection to avoid 
random spreading of sol onto the walls of container etc. Ethanol was next evaporated by 
heating at 70 
o
C while stirring. This process required 12 h. The time periods of each step 
were kept similar to avoid any discrepancies in the final properties of the resultant pastes. 




12-15 weeks. Our observations indicated that DSSC based these TiO2 films produced 
almost similar efficiencies. As shown in Figure 3.1 agglomeration of TiO2 is not 
observed, indeed the paste remain smoother even after 15 weeks 
3.4 Device fabrication 
3.4.1 Deposition of TiO2 compact or blocking layers 
A thin compact (or blocking) TiO2 layer was deposited on FTO substrate when necessary. 
The layer was deposited by heat treating the substrate for 0.5 h in a chemical bath with 40 
mM TiCl4 aqueous solution 
38
. The substrate was then washed thoroughly with water and 
ethanol absolute and dried for 0.15 h in an oven. 
3.4.2 Preparation of TiO2 films 
Two different techniques were used to deposit the porous TiO2 films. 
3.4.2.1 Doctor-blading (DB) method 
The doctor blade technique is the most widely used in experimental procedures due to its 
simplicity. Before application, the conducting glass was thoroughly cleaned using 
distilled water, ethanol and a sonication process. Throughout the preparation of the 
device, the FTO (AGC) glass should not be touched with bare fingers. Once FTO has 
been cleaned it is taped on to microscopic glass plate fixed on the laboratory bench using 
two tape strips. Two layers of tape (3M Scotch Magic Tape) are fastened along both the 
edges of FTO with a uniform space of 0.5 cm in between. The TiO2 paste was dispensed 
onto the free space and then it was spread uniformly pulling the glass rod by hand (see 
Figure 3.2a). The pressure and the speed of the rod can be controlled after some practice. 
After the paste was spread, the tapes were removed immediately and then it was left in 





Figure 3.2 A single TiO2 film prepared by DB method (a) and a master plate comprising of 6 
pairs of TiO2 films fabricated by SP method 
 
surrounding tape was removed after 5 min. upon spreading the paste. This method 
resulted in the formation of high ridges on the edge of the film. Thus, this approach was 
avoided in later part of the work. Finally, the films were sintered at 450 - 500 
o
C for 30 
min. using a ceramic hot plate. Thicker films can be obtained by this method either using 
repetitive coating or by varying the thickness of scotch tape. Due to the availability of 
only a 50 µm thick tape, the thicker films were made putting several layers (two or more) 
of tape on top of each other. But, these films peeled off after sintering. However, thicker 
films were successfully produced using repetitive coating method in which a second layer 
of paste was applied on the top of the sintered film. This approach helped the additional 
layer not to peel off after sintering.   
3.4.2.2 Screen printing (SP) method 
A manual screen-printing set-up in the course of work was used to deposit TiO2 on the 
substrate. The screen characteristics are as follows
38
: material, polyester; mesh count, 
90T mesh/ cm (or 230T mesh / inch ); mesh opening, 60 µm; thread diameter, 50 µm; 












; weight, 48 g.m
-2
. The substrate was aligned in line with the 
pattern of screen by fixing on base glass plate using scotch tapes. FTO glass (TEC-8) was 
first cut to a master plate (10 cm × 5 cm). A number of small electrodes of 2.5 cm × 1.5 
cm in dimension were marked on it before cleaning. Glass substrates were cleaned by 
sequential sonication in 5 % Decon 90 solution, distilled water and absolute ethanol 
respectively for 5, 5 and 20 min. and then dried in an oven.  The TiO2 paste was placed 
over the screen and pressed onto it with a squeegee to fill the pores. The screen was then 
placed on the substrate to deposit the paste. This procedure was repeated twice to 
improve the homogeneity of the film. After deposition, the layers were kept in a clean 
box for 5 min so that the paste could relax to reduce surface irregularity and then dried 
for 6 min. at 120 °C. The screen-printing procedure (coating, storing and drying) was 
repeated to obtain the desired thickness if needed. The electrodes coated with the TiO2 
pastes were gradually heated under an air flow at 325 
o
C for 5 min, at 375 
o
C for 5 min, at 
450 
o
C for 15 min and 500 
o
C for 30 min 
38
. The scratched glass plates can be broken into 
pieces either after drying or sintering, each piece consists of a TiO2 film of area 0.25 cm
2
. 
Out of ten TiO2 films printed on each master plate, three were measured with a 
profilometer to determine the layer thickness. About 40 profiles from TiO2 films reported 
in this thesis were measured. The following standard deviation for the layer thickness was 
found (Table 3.2). 
Based on the author‟s personal experiences, the TiO2 film deposition using SP method 
was found to be superior over DB method for the following reasons: 
1. Precise control on the dimensions of the active area of the film, 




               
    Table 3.2 Evaluation of reproducibility of TiO2 films by SP method 
Description Standard deviation in TiO2 
film thickness 
Films on the same glass sheet 
0.38 µm 
Films made on the same day but on a different 
FTO master plate 
0.35 µm 
Films made on a different day * 
0.25 µm 
Films made with a different paste on the same day  
0.90 µm 
  
3. More number of TiO2 films (~ 10-14)  can be printed in a single turn with better 
 control of the film dimensions and 
4. Better mechanical stability of the individual layers. 
3.4.3 Post-treatment of TiO2 films 
In order to increase the surface roughness and the formation of a very thin TiO2 layer, the 
sintered films are processed with a TiCl4 treatment, immersing it into a 40 mM TiCl4 
aqueous solution for 30 min. After the treatment the films were washed with highly 
purified water and sintered for 30 min. at 500 °C just before the sensitizer was applied.  
For a good comparison, untreated films were also sintered for a second time under the 
same conditions.  
3.4.4 Sensitizing TiO2 films 
For the sensitization, the sintered TiO2 electrodes were soaked in the 0.3 mM N3 dye 
bath (Solvent is pure ethanol > 99.99 %) for about 15-18 h. The non-transparent bath 
containers were stored in dark. This process rendered the electrodes with purple red. The 
dying of the TiO2 film was performed by allowing the sintered film to cool to ca. 100 
o
C 




rehydration of TiO2 from moisture in the ambient air. If the electrode is not dyed 
immediately following sintering, they were stored in air-free containers. However, they 
must be heated at a temperature of 100 
o
C for 10-15 min. for any adsorbed water to 
evaporate. Presence of water molecules does not allow the dye solution to wet all parts of 
the film thus reducing dye adsorption. After sensitizing, the electrode was rinsed with 
ethanol to remove the unabsorbed dye and dried. The additional area of the films 
prepared by DB method was removed using a scalpel blade, so that a film of desired area 
(0.4 cm
2
) is obtained. The electrode is stored in a closed container until it can be used 
further in the assembly of the cell. 
3.4.5 Preparation of Counter Electrode 
The counter electrode (CE) was prepared by two methods - sputtering and thermal 
deposition. The sputtering of platinum (Pt) onto glass substrate was made using JFC -
1600 Auto Finecoater. Electrodes with a Pt layer of constant thickness can be prepared by 
employing similar sputtering parameters each time such as charging current, sputtering 
time, vacuum level and distance between the substrate and the target. Apart from 
catalyzing cathodic reduction of I3¯, the sputtred Pt layer may also serve to reflect the 
light owing to its opacity. 
In the second method, CE was prepared by thermal decomposition of platinum precursor. 
Usually, one or two drops of 10 mM of H2PtCl6 solution in ethanol was put onto the  
cleaned FTO substrate and spread uniformly with glass dropper, then dried in air for few 
minutes. Coated electrodes were heated at a temperature of 390 °C and stabilized at this 




counter electrode was optically transparent and of highly dispersed platinum particles for 
catalyzing I¯/I3¯ redox reaction.  
The catalytic performance of CE can be evaluated by measuring limiting currents and 
charge transfer resistance at Pt/electrolyte interface 
217
. For this purpose a symmetric 
electrochemical cell consisting of two identical platinized FTO substrates sealed with a 
surlyn film (spacer) which is filled with the electrolyte B (see section 3.4.6). The C-V 
curves and impedance plots of the cells using sputtered and thermally deposited CE‟s are 
shown in Figure 3.3. Clearly, the limiting current density, Jlim is higher for the cell using 
thermally deposited CE. The charge transfer resistance which is equivalent to half of the 
diameter of the high frequency semi-circle for thermally deposited CE based cell is 
smaller compared to the cells prepared by sputtered Pt. Therefore, the thermally 
deposited Pt CE is more suitable for high performance DSSC. 
 
 
Figure 3.3 Current density–voltage curves (a) and Impedance plots (b) of the symmetric cells 




3.4.6 Preparation of Electrolyte 
The electrolyte used in this work was prepared in a glove box. The concentration and 
details of the various components of the electrolytes used in this study are given in Table 
3.3. 
        Table 3.3 Composition of two types of electrolytes used  
Component Solvent DMPII LiI I2 TBP GCN 
Concentration 
(in M) 




0.6 0.1 0.05 0.5 0.5 
 
3.4.7 Device Assembly 
A sandwich-type cell was assembled to measure the PV performance of the DSSC. The 
standard construction of the cell can be written as follows: 
FTO | TiO2 |N3 |electrolyte | Pt | FTO 
In a first method (DA-1), a 50 µm thick polyethylene spacer with a 0.9 cm×0.6 cm was 
sandwiched between WE and CE electrodes and then the electrodes were clamped 
together with binder clamps. The function of spacer is to avoid short circuiting between 
two electrodes and to prevent the electrolyte from leaving the cell and also to avoid 
moisture entering into the cell. A small quantity of redox electrolyte solution was then 
introduced into the porous structure of the TiO2 film by capillary action and kept in dark 
for 1 h before the measurements. The cells assembled by this method can‟t be used for a 
series of characterizations due to evaporation of electrolyte after 4-5 h as noticed by the 
author. Most experiments in this work demanded the cell stability at least for few days 
from the day of fabrication. Therefore, a standard method of device assembly as 
discussed in Ref. 
38




photoanode and CE electrodes were separated using a 60 µm-thick Surlyn hot-melt 
gasket and sealed by heating. The internal space was filled with a liquid electrolyte using 
a vacuum backfilling system. The electrolyte injecting hole on the counter electrode, 
which was pre-drilled in advance with a sand-blasting drill, was sealed with a surlyn 
sheet and a thin glass cover by heating. 
3.5 Device characterization 
Universally, the performance of a DSSC is evaluated in terms of its photovoltaic 
characteristics using two different techniques viz. (1) recording the J-V curve and (2) 
measuring photoaction spectra. 
3.5.1 Photocurrent density -Voltage (J -V) curve  
Measurement of the J-V curve is a simple and standard method for the evaluation of the 
PV performance of a DSSC. This curve is obtained by recording the current voltage 
response of the device at 25 
o
C under constant illumination of 100 mW.cm
-2
, spectral 
distribution according to AM1.5G standard solar spectrum which corresponds to a solar 
elevation of 42
o
 to the earth‟s horizontal. A typical J-V curve is illustrated in Figure 3.4.  
The curve is described by the following four key factors: (i) open-circuit photovoltage 
(Voc), (ii) short-circuit photocurrent density (Jsc), (iii) fill factor (FF), and (iv) over all 
conversion efficiency (η).These parameters are extracted from a J-V curve as depicted in 
Figure 3.4. 
3.5.1.1Open-Circuit voltage 
The Voc of a DSSC is the difference in electrical potential between its two terminals when 






Figure 3.4 A typical J-V curve of a DSSC with main descriptors and relationship between them 
 
 
Figure 3.5 Energy level diagram of a DSSC: equilibrium in dark (a), open circuit under 
illumination (b) and short-circuit under illumination (c) 
 
The maximum theoretical Voc of a DSSC is the difference between the electron Fermi 
level,  EF in TiO2 and the Eredox of the electrolyte. In a DSSC, the maximum open circuit 
voltage Voc (max) can be given as: 
          υ                                                                                                           (3.8)                                                                                          
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Where  υ is the energy of incident photon,     is the potential energy losses between the 
LUMO of the dye and the Fermi level of TiO2 and     is losses due to the energy 
differences between the Eredox and HOMO of the dye.  
In the dark, EF of the semiconductor is equal to the redox potential. For a conventional 
DSSC cell in open circuit conditions, upon illumination, the subsequent electron injection 
from the dye, increases concentration of electrons in C.B of TiO2 builds up until a 
stationary state is reached in which the rate of photogeneration is balanced exactly by the 
rate of back reaction of electrons with I3
−
 ions. As the density of electrons in C.B 
increases, the electron quasi Fermi level, EF shifts close to C.B minimum. Thus, the 
photovoltage measured in the external circuit corresponds to the change in the quasi-





Then, photovoltage can be written as, 
                                                                                                                                                    
 However, the actual Voc is lower than the theoretical value because of the recombination 
of injected electrons with oxidized dye and with I3
¯ 
ions in the electrolyte. In particular, 
the back reaction of photoinjected electrons with I3
¯ 
(which leads to dark current) is a 
primary factor leading to lower Voc because it doesn‟t allow electrons to accumulate in 




 at the CE must be 
rapid by several orders of magnitude to obtain higher Voc. 
3.5.1.2 Short-circuit photocurrent density 
 Jsc is the photocurrent per unit area when a DSSC is short circuited i.e. the two terminals 
are joined together (Figure 3.5c). When the cell is short circuited, the Fermi-level of 




provided that ohmic and potential losses are negligible. However, in practice the sheet 
resistance of the FTO gives rise to an additional ohmic loss. This introduces a gradient of 
the electrochemical potential of electrons in TiO2 which provides a driving force for 
electron collection at the FTO.  
3.5.1.3 Fill Factor   
The FF of a DSSC is defined as the ratio of maximum power output (Jmp.Vmp) to the 
product of Jsc and Voc, and is also an important parameter. It is given as, 
       
       
       
                                                                                                            (3.10)         
 It accounts for the extent of recombination occurring in the cell. FF for DSSC are 
limited in general by series internal resistance losses comprising of internal resistance 
caused by the electron transfer resistance at the TiO2/dye/electrolyte interface, diffusion 
resistance of ions in electrolyte, charge transfer resistance at CE/ electrolyte interface and 
the sheet resistance of FTO and dark currents 
35
. 
3.5.1.4 Over all power conversion efficiency  
The power conversion efficiency, η value of a DSSC is defined as the ratio of the 
maximum output electrical power of the DSSC to the power of the incident light, Pin 
(mW.cm
-2
). The η value is determined from Jsc, Voc, FF and Pin using the following 
expression: 
η     
           
   
                                                                                                          (3.11) 
Thus, it is obvious that a higher η value of a DSSC can be essentially obtained by 
optimizing the corresponding values of Jsc and Voc.  For a good comparison, the 
efficiencies are measured at 25 
o






3.5.1.5 Experimental Setup 
The dye loaded TiO2 film is illuminated through the FTO by an AM1.5 solar simulator 
(Newport Inst., Model #:91160A) equipped with a 150 W Xe lamp as a light source and 
an AM1.5 filter (#: 81088A). The PV performance of DSSC devices in this work was 
measured at 25 
o
C with a source meter (Keithely 2420) and using Newport IV test station 
software. The light intensity corresponding to AM 1.5 (100 mW.cm
2
) was calibrated 
using a standard silicon solar cell (Oriel, SRC-1000-TC). The power conversion 
efficiency was calculated by the following formula (Equation 3.11). The light intensity 
was varied using neutral density filters. The J-V curves of cells used in this thesis are 
measured as described above. 
3.5.2 Incident Photon-to-Current Efficiency (IPCE) 
 The second type of performance evaluation test that has been conducted on a DSSC is 
known as IPCE, sometimes referred to as “external quantum efficiency (or EQE)”. The 
IPCE is defined as the number of light generated electrons flowing through the external 
circuit at a particular wavelength divided by the number of incident photons at that 
wavelength. It gives the percentage of incident photons on active surface that are 




          
         
           
                                                                                                               
where Jsc (mA.cm
-2
) is the short-circuit photocurrent density generated by 
monochromatic light, and λ (nm) and Pin (mW.cm
-2
) are the wavelength and the intensity 





Figure 3.6 A typical IPCE spectrum of a DSSC 
 
A plot of IPCE versus excitation wavelength is termed as IPCE spectrum or a 
photocurrent action spectrum. The IPCE spectrum is very useful for the evaluation of a 
new dye sensitizer for DSSC. A typical IPCE spectrum of N719 dye is shown in Figure 
3.6. 
3.5.2.1 Experimental Setup 
IPCE of DSSC devices was measured using a specially designed IPCE system for DSSC 
(IVT Solar Pvt Ltd, Singapore). For IPCE measurement, a 75 W Xenon lamp was used as 
the light source to generate a monochromatic beam. Calibration was performed using a 
standard silicon photodiode. 
3.5.3 Electrical and Optical Impedance spectroscopy 
This section describes different kinetic techniques used in this thesis. J-V or IPCE 
characterizations do not provide any information about internal system dynamics. Time 




information about internal processes. The perturbations bring the system out of the 
equilibrium. Due to the internal electron transport the frequency resolved response lags 
behind the excitation signal showing a phase shift. On this basis the IMPS measures the 
a.c photocurrent resulting from the incident light modulation; whereas the IMVS 
measures the a.c photovoltage. IMVS measurements can be applied at any constant 
current. In practice, however, this technique is limited to the special case in which no 
current flows through the external circuit i.e. open circuit conditions. In contrast, 
electrical impedance spectroscopy (EIS) is measured in every working state of DSSC and 
measures the AC current resulting from potential modulation 
219
.  
3.5.3.1 IMPS-IMVS  
IMPS and IMVS measure the modulation of photocurrent and photovoltage respectively 
in response to the modulation of incident light intensity. IMPS and IMVS provide 
information about electron transport and recombination respectively. The experimental 
IMPS data have been analyzed making use of a model developed for the electrolyte based 
DSSC. This theory has been discussed in detail elsewhere (9-11) and only a brief 




             
                                                                                                                           
where  =2πf  is the modulation frequency and   << 1 to enable linearization, maintaining 
the system at an essentially constant Fermi level and measured apparent electron lifetime. 
 In DSSC, the small TiO2 particle size does not allow any band bending; the 
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Here, ne is the electron density under illumination, no is the electron density in dark, ηinj is 
the electron injection efficiency, α(λ) is the wavelength dependent absorption coefficient 
of dye layer, De is the electron diffusion coefficient and τr is the electron life time. 




              
  
  
                                                                                                   
Here kcc is the rate constant for electron collection at the FTO and l is the film thickness 
221
. 
Combining above equations the analytical solutions for short-circuit and open-circuit 
conditions can be obtained as presented elsewhere 
222-225
  
At short-circuit (IMPS), kcc is very high and the current becomes diffusion limited. The 
predicted IMPS response appears as semicircle as a consequence of the phase lag arising 




Figure 3.7 Typical IMPS and IMVS plots for DSSC at dc intensity of 75 mW.cm
-2





The semicircle is usually characterized by minimum frequency, from which electron 
transit time is calculated as, τt =  min = (2πfmin)
-1
, where fmin is the frequency of the 
minimum of the semicircle (Figure 3.7a). 
Similarly, under open circuit (IMVS), kcc is zero. It was also shown that the IMVS 
response is characterized by a semicircle and that τn can be calculated directly from the 




EIS technique has been widely employed to investigate various kinetics processes 
occurring in DSSC. These processes in the DSSC are well described by a transmission 
line model developed by Bisquert et al 
226
, as shown in Figure 3.9. In EIS experiments, 
the DSSC is first set to desired external d.c bias and a small amplitude harmonically 
modulated a.c voltage, V ( ,t)  is superimposed on the d.c voltage. The resulting 
harmonic a.c current I ( ,t) response is recorded, while varying the modulation frequency 
over a certain frequency range. This yields information on DSSC impedance 
227
, 
       
      
      
                                                                                                                             
As an example, typical EIS spectra of a DSSC are shown in Figure 3.7. The left curve 
displays real part (Z') versus the imaginary part (Z'') of the impedance, usually known as 
the Nyquist plot (Figure 3.8a). Other   curve is the Bode plot where the phase angle θ is 
plotted against frequency (Figure 3.8b). It is apparent that the Nyquist plot consists of 
three semicircles. The high frequency is due to the resistance (Rpt) and capacitance (Cpt) 





Figure 3.8 Typical representative curves of impedance spectra of DSSC: Nyquist (a) and bode 
(b) plots 
 
of recombination resistance (Rr) associated to electron recombination at the interface and 
the chemical capacitance (Cμ) of electrons in TiO2 and low frequency arc is attributed to 
the impedance of diffusion of redox species in the electrolyte. In a transmission line 
model, the electron transport resistance (Rt) is often manifested as a linear feature 
(marked by a solid line in figure 3.8a) in the high frequency region of the middle semi-
circle which indicates that electron transport features a transmission line behavior. 
Meanwhile, fmax is the frequency at the top of the intermediate frequency arc often used to 
calculate the average electron lifetime from the relation, τr = (2πfmax)
-1
. 
The measured EIS spectra have been fitted using appropriate equivalent circuit Model 
built in the Z-View software (Figure 3.9a) which is constructed based on transmission 
model 
219, 226, 228
 as shown in Figure 3.9b. In the equivalent circuit, DX is the extended 
distributed element that models the TiO2 network. In Figure 3.9b, the resistances Rt and 






Figure 3.9 An equivalent circuit of DSSC in Z-view software (a) and equivalent circuit model 
representing the transmission model (b). 
 
TiO2/electrolyte interfaces respectively, whereas the charge accumulation is accounted by 
constant phase elements exponent „n’ which will be equal to one (i.e n=1) for the case of 
an ideal capacitor. 
The impedance components in the model are defined as follows 
226
: 
 Rs is a series resistance accounting for the transport resistance of the FTO 
 Rpt is the charge-transfer resistance at the counter electrode/electrolyte interface 
 Q1 is the interfacial capacitance at the counter electrode/electrolyte interface 
 rt (= Rt / l) is the resistivity of electron transport. Rt is the total transport resistance of  




 rr (= Rr*l) is a charge-transfer resistance related to recombination of electrons at the  
 TiO2/electrolyte interface, Rr being the total recombination resistance of the film 
 qµ (=Qµ / l) correspond to the chemical capacitance that stands for the change of 
 electron  density as a function of the Fermi level. Qµ is the total capacitance in TiO2 
 film. 
 Q2 corresponds to the substrate capacitance i.e. capacitance at TiO2 (blocking layer)/ 
 electrolyte. 
The element Q2 was included in order to improve the fitting. For fair comparison of 
values between cells its exponent value is set to one 
228
. Warburg impedance representing 
the diffusion of redox species in the bulk electrolyte layer is not shown in the equivalent 
circuit, since no such feature is observed in EIS spectra of devices under test. This 
because the solvent used in the electrolyte preparation is less viscous thus the resistance 














4. Mesoporous TiO2 Aggregate Structures: Synthesis, 
Characterization and Application in Dye Sensitized Solar Cells 
 
4.1 Introduction 
Since the first report by Grätzel and B Oregan in 1991 
34
, TiO2 has become the mostly 
favored material for photoanode and research aiming at enhancing the efficiency of 
DSSC by tailoring its nanostructure has intensified over the years. To achieve high 
performance of DSSC, the titania electrode should have the high crystalline anatase phase 
with good particle necking and large surface area to increase the mobility of injected 
electrons and the amount of dye absorbed on the TiO2 surface respectively 
35
. Typically, 
porous photoanodes prepared of commercial TiO2 powders that composed of dispersed 
nanoparticles has been in wide use 
32
. The internal porous structure of these films provide 
a large surface area, however some of the internal pores are micropores, which cannot be 
used to adsorb sensitized dye or accessed by the electrolyte.  Besides, the transport of the 
electrons along the network of TiO2 would not be efficient, because the electrons have to 
pass through numerous grain boundaries before reaching the FTO 
229
. In this regard, 
mesoporous TiO2 (meso-TiO2) aggregate structures are considered to be a promising 
candidate as a base material for realizing high performance DSSC. Because, their 
microstructure offers unique features like high surface area, open porosity in uniform 
nanochannels allows fast access of dye molecules and even electrolyte 
50, 230
. Further, in 
these nanostructures the interconnected grains facilitate rapid electron transport and 
highly efficient charge transfer at interfaces of TiO2/dye/electrolyte 
31, 230, 231
. Recently, 




based photoanodesare attractive alternative to traditional nanoparticle photoanode in 
DSSC 
50, 229, 230, 232, 233
 .  
Until now, several strategies have been used to produce suitable AT structures; including 
glycol mediated hydrothermal method 
233
 and template directed solvothermal method 
229
. 
However, well controllable AT structures were also obtained by simple fabrication 
process like sol-gel method using templates as structure directing agents and promising 
efficiencies were obtained 
230, 234-236
. The sol-gel templating is a good method for 
fabricating TiO2 structures with controlled morphology and inner-pore structure due to 
the diversity of employed template precursors 
237
. Further, electrode materials with 
different morphologies such as one-dimensional (1D) wire/tube structures, 2D films, and 
3D interconnected porous architectures can easily be obtained through the template 
synthesis method 
238
. Surfactants have been widely employed as templates to produce a 
variety of meso-TiO2 materials. The surfactant assisted templating method was used to 
fabricate high quality titania nanocrystals by some other researchers too, for different 
applications including dye-sensitized solar cells 
236, 239, 240
. The first synthesis of a 
thermally stable hexagonally packed meso-TiO2 by a modified sol-gel method using an 
alkyl phosphate surfactant, was carried out by Antonelli and Ying in 1995 
241
. 
Ngamsinlapasathian and co-workers used acethylacetone and laurylamine hydrochloride 
as templates forming meso-TiO2 for the electrode of dye-sensitized solar cell and 
reported an efficiency of  8.06 % 
234
.   Yang and co-workers used amphiphilic poly 
(alkaline oxide) block copolymer P123 as structure-directing agents for preparing meso-
TiO2 for highly efficient DSSC exhibiting an efficiency of 10 % 
230
. Byun et al elucidated 




of photovoltaic properties of mesoporous rutile TiO2 
242
. Falaras et al synthesized meso-
TiO2 nanocrystals using hexa decylamine surfactant as the template and studied its 
application in dye-sensitized solar cells 
235
. 
The present study explores a simple synthesis procedure based on surfactant assisted sol-
gel process to generate meso-TiO2 aggregates and their successful application as a 
photoanode material for DSSC. In a template methodology the choice of surfactant is 
crucial. An ideal surfactant should posses chain structure of carbons which upon removal 
by heat treatment leaves pores in the nanostructure 
243
. It should be able to network with 
Ti species during synthesis and can be easily removed by heating at relatively low 
temperatures to avoid the collapse of mesopores 
243, 244
. For this reason, such methods are 
often referred as soft-template directed approach. In this context, the use of cationic 
surfactants would be an ideal choice 
244
.  This being the situation, we have chosen the 
most typical cationic surfactants octyl trimethylammonium bromide (OTAB), dodecyl 
trimethyl ammonium bromide (DTAB), and cetyl trimethylammonium bromide (CTAB) 
in the order of an increasing hydrocarbon chain length of the surfactant: C8, C12 and C16 
respectively. Special attention was paid to optimizing the synthesis conditions under 
which the best anantase TiO2 aggregates are formed with respect to the extent of specific 
surface area and its microstructure. To the best of our knowledge, in this work we first 
attempt to optimize the nanostructure of meso-TiO2 aggregates by systematically 
investigating the effect of the surfactant to alkoxide ratio and the chain length of the 
cationic surfactants on the PV performance of DSSC. The commercially available TiO2, 
known as P25 was used for a comparison in this study. In contrast to aggregate TiO2, the 




is an ideal comparative system as non-aggregate TiO2 (NT) to demonstrate the beneficial 
role of aggregate TiO2 in improving the PV performance of DSSC. 
4.2 Experimental 
4.2.1 Synthesis of meso-TiO2 aggregates 
Titanium iso-propoxide was used as titania source. OTAB, DTAB and CTAB were used 
as structure directing agents to vary the pore size and surface area.  Absolute ethanol and 
highly purified distilled water were used in the synthesis of all the samples. Different 
molar ratios of surfactant (SC) to titanium iso propoxide (TiPR) were used for all the 
templates, in order to optimize the device performance. As a representative synthesis 
methodology, the case of CTAB templated meso-TiO2 (under SC/TiPR=1/1) is described 
here. A definite weight of the cationic surfactant CTAB was taken (3.64 g) in a round 
bottomed flask, and dissolved in a mixture of water and absolute ethanol in a volume 
ratio of 4/1 (100 mL of distilled water and 25 mL of absolute ethanol and stirred for 30 
minutes to form a clear solution. To this solution, calculated amount (2.87 mL) of 
titanium isopropoxide (for CTAB/TiPR molar ratio =1/1) was added drop wise with 
continuous vigorous stirring. The resulting sol was continuously stirred for 24 h and the 
precipitate was filtered under suction and washed several times with water and ethanol to 
ensure that no precipitated alkyltrimethylammonium salts were present. The final product 
was calcined at 450 
o
C (at 5 
o
C / min) for 6 h in static air to remove the organic template 
and to increase cross-linking of the inorganic frame work. A similar procedure was 
followed for the synthesis of other samples (see Table 4.1) with different ratios of CTAB 
and TiPR, as well as for DTAB and OTAB templated meso-TiO2. Figure 4.1 represents a 





Figure 4.1 A typical reactor used in the current work for the preparation of meso-TiO2 aggregates 
 
4.2.2 Structural characterization of meso-TiO2 aggregates  
Thermo gravimetric analysis (TGA) was performed on both as-synthesized and calcined 
meso-TiO2 samples to ascertain the complete removal of surfactant and organic 
precursors from the weight loss observed as a function of the temperature. TGA was 
performed using Labsys Evo, TGA-DSC-1600 (Setaram instruments). As-synthesized 
and calcined titania powder were placed in an alumina crucible and heated under argon 
atmosphere at a rate of 10 
o
C/min from ambient temperature to 600 
o
C. The crystallanity, 
phase purity and particle size of the synthesized meso-TiO2 were examined by powder X-
ray diffraction (PXRD). The PXRD patterns were recorded at room temperature on a 
diffractometer (D5005 Bruker) using CuK 1 radiation with wavelength of 1.54056 Å. 
The diffractometer was set at 40 kV accelerating voltage and 40 mA current. The data 
were collected by varying 2θ from 10o to 70o with an increment of 0.015 /second.  




study the morphology of the meso-TiO2 as well as the films made using them. For the 
FESEM analysis the sample was sputtered with a thin layer of platinum (JFC-1600 Auto 
Fine Coater) to avoid the charging effect. The thickness of the titania films after sintering 
was measured using a surface profiler (KLA-Tencor P10).  
A JEOL JEM-2010 instrument was used to obtain transmission electron microscopy 
(TEM), the high resolution transmission electron microscopy (HRTEM) images of the 
samples and also the selected area electron diffraction (SAED) of meso-TiO2. For these 
experiments, the meso-TiO2 was subjected to ultrasonification in ethanol medium to 
disperse the fine powder onto the copper grids. These TEM images were used to 
investigate the morphology while the SAED confirmed the nature of crystallinity. The N2 
adsorption-desorption isotherms of the meso-TiO2 were obtained by using Nova 1200, 
Quantachrome  at 77 K. Pre-treatments of the samples were carried out at 423 K over 
night under vacuum.  
4.2.3 Fabrication of DSSC 
The viscous paste of meso-TiO2 aggregates and commercial TiO2 that comprise of non-
aggregate (dispersed) nanocrystallites was made according to the TP-1 method described 
in the previous chapter (section 3.3.1). The photoanode films were fabricated according 
to DB method (chapter 3, section 3.4.2.1). The CE, prepared by sputtering platinum on 
FTO glass substrates was clamped firmly together using binder clips (DA-1 method, see 
chapter 3, section 3.4.7). A small quantity of electrolyte A (Table 3.3) was introduced 
into the porous structure of the TiO2 film by capillary action.   
To determine the amount of N3 dye molecules adsorbed on TiO2 films, adsorption – 
desorption experiments were carried out using Shimadzu, UV-1800 spectrophotometer. 




solution of ethanol-H2O (1:1, v/v). The UV-Vis absorption spectrum of the resultant 
solution was measured and the absorption value at 518 nm was used to calculate the 
number of adsorbed dye molecules on TiO2 films using Beer‟s law. 
4.3 Results and discussion  
In Table 4.1, the details of the various meso-TiO2 aggregate samples synthesized by 
using different surfactants are provided. The first letter in sample name corresponds to 
the surfactant while numeric represents the ratio of TIPR to surfactant. Although, several 
samples were synthesized under similar conditions, for brevity we present here the results 
of the optimized concentrations of surfactant (CTAB) and TIPR. Later, we compare the 
performance of the samples synthesized using three different surfactants under optimized 
conditions. 
Table 4.1 Summary of various meso-TiO2 samples synthesized and their nomenclature 
[TiPR] / [SC] 
 in molar  
 
1/1 3/1 5/1 7/1 9/1 
Surfactant Sample label 
OTAB O1 O3 O5 O7 O9 
DTAB D1 D3 D5 D7 D9 
CTAB C1 C3 C5 C7 C9 
 
4.3.1 Thermal and structural characterization 
Figure 4.2 shows the thermograms of as-synthesized and calcined sample, C5. It can be 
seen from Figure 4.2a that the weight loss for as-synthesized titania powder occurs in two 
stages as the temperature was increased up to 450 
o
C .The major weight loss below 200
 
o
C is attributed to the removal of water molecules. The decomposition of the organic 





Figure 4.2 TGA thermograms for sample C5: as-synthesized (a) and sintered at 450 
o
C for 6 h (b) 
to 450 
o
C. The calcined titania powder undergoes negligible weight loss as shown in 
Figure 4.2b, thus confirming that the calcination process has completely removed the 
organic materials employed during the synthesis.  
Figure 4.3 shows the PXRD pattern of the non-aggregate TiO2 (NT), as-synthesized and 
calcined meso-TiO2 samples using different surfactants (OTAB, DTAB and CTAB). As-
synthesized TiO2 powder shows a broad peak intensity of around 25.3
o
 (Figure 4.3b), 
indicating that it crystallizes in anatase phase. After the heat treatment, the peaks become 
strong and sharp as noticed in Figure 4.3(b-d). PXRD patterns of meso-TiO2 powders 
shows strong diffraction peaks around (2θ) 25o, 38o, 48o, and 55o which are characteristic 
of anatase type TiO2 (JCPDS 21-1272) and also clearly reveal that other phases such as 
rutile and brookite are absent. On the other hand, the PXRD spectrum of NT shows 





Figure 4.3 PXRD patterns: samples with different SC/TiPR ratio (a) and samples prepared using 
different surfactants 
 
The crystallite size of meso-TiO2 was estimated from line broadening of the [101] 
diffraction peak using Debye - Scherrer‟s equation: 
  
      
     
                                                                                                                                        
where, λ is equal to 1.54056 Å, the wavelength for CuK 1 radiation, B is the width of the 
peak at an intensity equal to half the maximum intensity in radians, and θ is the diffracted 
angle at maximum intensity and the grain size was found to be in the range of 16-20 nm 
(Table 4.2). 
Transmission electron micrographs of meso-TiO2 powders calcined at 450 
o
C are shown 
in Figure 4.4(a, d & g). Well dispersed nanosized grains are found due to ultrasonic 
treatment. It can be seen from TEM image that the meso-TiO2 grains have a uniform size 
of about 16-20 nm which is consistent with the values calculated from the PXRD data. 
The similar sizes of the nanograins could be attributed to the fact that the three 





Figure 4.4 TEM, HRTEM images and SAED patterns of meso-TiO2: O5 (a-c), D5 (d-f), C5 (g-i) 
 
The difference between the lengths of the surfactants C8, C12 and C16 is around 0.5 nm-
1.5 nm. The length of the surfactant molecules in a way decides the size of the core of the 
micelles formed rather the crystallite size. The process conditions were controlled so that 
the organic micelle formation as well as a good interaction between the inorganic titania 
source and the template is ensured in order to form an organized titania-surfactant hybrid 
network as discussed in the next section. Once the network is formed, the product was 
subjected to calcination process under similar conditions which might cause the 
shrinkage of the aggregate structures, resulting in an average grain size of 16-20 nm for 




The HRTEM images (Figure 4.4b, e & h) allows the resolution of lattice fringes of the 
nanocrystals to be correlated to the crystal planes of anatase TiO2. The lattice fringes are 
clearly visible for all the three samples, demonstrating the good crystallanity of the 
nanocrystallites. The observed width of 3.490 ± 5 Å between neighboring lattice fringes 
corresponds to the (101) plane of anatase TiO2. Figure 4.4 c, f & i shows the SAED 
patterns of meso-TiO2 samples, where polycrystalline diffraction rings (101), (004), (200) 
and (105) of anatase TiO2 are clearly observed and they are consistent with PXRD pattern 
results shown in Figure 4.3. PXRD, HRTEM and SAED results confirm the crystalline 
anatase phase of all the meso-TiO2 samples. These results strongly suggest that the soft 
template method employed in the present work to synthesize meso-TiO2 could produce a 
highly crystalline anatase meso-TiO2, which is a key requirement for achieving higher 
currents in a DSSC. 
4.3.2 Proposed mechanism of formation of meso-TiO2 aggregates 
Two mechanisms have been proposed so far to interpret the formation of mesoporous 
materials by template method 
245
: liquid crystal mechanism and self co-operative 
mechanism. The liquid crystal mechanism in which surfactant liquid crystal structures 
serve as organic templates has been proposed for the formation of ordered mesoporous 
materials at high surfactant concentration while the self co-operative mechanism explains 
the formation of mesoporous materials at low concentration of the surfactant. In the 
present synthesis, the concentration of surfactant being low (0.01M), we propose the self 
co-operative assembly process involving the micelles of a surfactant and Ti(OH)4 
colloidal species to understand the formation of meso-TiO2 
246
. The surfactant molecules 
used in the present study consists of a large polar head and a small chain forming shape 





Figure 4.5 A schematic illustration of the formation of meso-TiO2 aggregates. 
245
 
a spherical aggregate to reduce the interfacial free energy. They are often referred as micelles 
whose diameter would be determined by the length of the hydrocarbon chain and the size 
of the polar head. Mean while, the hydrolysis of TIPR leads to a distribution of Ti-Oxy 
species, which can then condense to form colloidal Ti-OH units. These colloidal units 
present a charged surface due to Ti-OH and Ti-OH2
+ 
groups. Further sol processing, 
enables the assembly of condensed Ti-OH units around spherical micelles by electrostatic 
interactions mediated by Br¯ anions, resulting in the formation of a mesostructured 
hybrid network 
246
.  As the titanium species further polymerize, the hybrid phase 
becomes denser with time and then precipitates out from the solvent. Finally, the removal 
of surfactant molecules by the calcination of the resulting precipitate gives meso-TiO2 
aggregates.  
4.3.3 Morphological features of meso-TiO2 aggregates 





Figure 4.6 FESEM images of various TiO2 powder samples: O5 (a), D5 (b), C5 (c-d) and 
photoanode film (e) 
 
calcined powders were analyzed using FESEM. Figure 4.4 shows the scanning electron 
micrographs of various meso-TiO2 powders (a-d) and the photoanode film made from C5 




sized aggregate particles which are constructed by a network of large number of spherical 
nanosized crystallites that provided with porous nature of the material (Figure 4.6d). The 
photoanode film does exhibit similar morphological features, suggesting the higher 
thermal stability of meso-TiO2 aggregates (Figure 4.4e).u 
4.3.4 N2 adsorption/desorption measurements 
The surface area, pore size and pore volume of the synthesized samples were 
characterized using the nitrogen gas sorption technique and the typical isotherms are 
shown in Figure 4.7. The physical characteristics are summarized in Table 4.2. In Figure 
4.7a, the hysteresis at higher relative pressure (P/P0) can be ascribed to the presence of 
micro pores indicating the absence of mesoporosity in NT sample. This is further 
confirmed by absence of pore size distribution (inset, Figure 4.7a) and a large pore 




. As prepared sample, C5 gave the typical type I isotherm indicating 
its non-porous character. This is because the presence of surfactant molecules restricts the 
gas adsorption or desorption. The isotherms of calcined (Figure 4.7 b-e) samples are of 
classical type IV, characteristic of mesoporous materials according to the IUPAC 
classification 
247
. A well defined step at a (P/P0) ~ 0.5-0.7 clearly indicates well defined 
mesoporous structure of the calcined samples. This sharp increase can be attributed to the 
capillary condensation, indicating good homogeneity of the sample.  
The Barrett-Joyner- Halenda (BJH) model of size distribution from the desorption branch 
The BET surface area, the total pore volume and the pore size of meso-TiO2 samples  
are calculated using BJH method. The surface areas of O5, D5 and C5 are found to be 90, 










Figure 4.7 N2 adsorption-desorption isotherms of non-aggregate TiO2, NT (a) and different 
meso-TiO2 aggregate samples: un-sintered C5 (b), O5 (c), D5 (d) and C5 (e). Insets represent the 
pore size distribution graphs. (f) Schematic of micelle structure: OTAB (C8), DTAB (C12), 
CTAB (C18). 





    Table 4.2 Physical properties of NT and meso-TiO2 aggregate samples 
Sample Average XRD 





















- 261 - 0.11 29 
O5 17.7 90 5.7 0.17 40 
D5 17.9 109 6.1 0.24 48 
C1 17.3 83 3.8 0.13  
C3 17.7 90 6.2 0.17  
C5 17.9 135 7.0 0.30 54 
C7 18.1 109 7.6 0.24  
C9 17.5 102 6.6 0.20  
 
samples is two to three times higher than that of NT powder (50 m²/g). Further, the 
dependence of pore size and pore volume values of meso-TiO2 indicates dependence of 
textural properties surfactant used. As the surfactant chain length increases the 
hydrophobic core of the micelle increases as illustrated in the Figure 4.7f. As a result the 
surface area, pore size and the pore volume of the consequent TiO2 aggregates do 
increase. The superior values of surface area and porosity are obtained for C5. Hence, we 
expect a better PV performance of DSSC made using C5. 
4.3.5  Photovoltaic performance of DSSC  
Figure 4.8 a presents the photovoltaic performances of the DSSC made using meso-TiO2 
samples synthesized from CTAB template with different concentrations of surfactant and 
the observed in the valuesof Jsc
 
, Voc, FF and consequently overall power conversion 
efficiency, as the molar ratio of SC/TiPR decreases. As the concentration of titania 
precursor increases the titania particle density per unit surface area of the surfactant 





Figure 4.8 Current density-voltage (J-V) curves of the DSSC devices based on meso-TiO2  
and NT samples 
 
of electron transport. In addition, as we increase the titania concentration confirmed a 
greater number of the TiO2 grains are available for adsorption of more dye molecules as 
from the dye desorption experiments (Table 4.3) there by resulting in the generation of a 
high photocurrent. The highest value of 14.20 mA.cm
2
 was observed for the cells made 
from C5 (SC/TiPR=1/5). Beyond this molar ratio, the efficiency slightly drops or almost 
remains constant. This shows that the increase of concentration of titania precursor 
beyond five times the concentration of surfactant does not have any significant effect on 
the micro-structure of meso-TiO2 and hence on the device performance. We have also 
carried out similar optimization with the other two surfactants DTAB and OTAB. A 
similar effect has been observed i.e. the increase of concentration of titania precursor up 
to five times the concentration of surfactant has significant effect on the device 
performance, however further increase in the concentration of titania precursor does not 
influence the device performance. However, large decrease in the dye loadings in case of 
samples C7 and C9 could be due to the decrease in the total internal surface area and also 
pore volume (Table 4.2) owing to the collapse of resulting aggregate(s) due to the excess 




shown in Figure 4.8b,  the comparison of the performances of DSSC using meso-TiO2 
aggregates synthesized from CTAB, DTAB and OTAB with the same optimal molar ratio 
of SC/TiPR=1/5 seems to be quite interesting. We noticed an increase in conversion 
efficiency from 6.6 to 7.1 to 7.5 % as we move from OTAB to DTAB to CTAB 
surfactants. Using cationic surfactants with different chain lengths, the surface area and 
the pore size of the meso-TiO2 aggregates has been varied. The higher the surface area, 
larger the number of dye molecules adsorbed on the TiO2 surface and more amount of 
light harvested, thereby generating higher photocurrent of the cell.  
Table 4.3 Photovoltaic performance of the DSSC devices a made from various  
meso-TiO2 and NT  powders at AM1.5G and irradiance of 100 mW.cm
-2 
.  
The film thickness is ~29 µm and the cell area is 0.4 cm
2
. The cells are not masked. 
 
                         
     

























The listed data are the average value of two independent measurements under same  conditions 
 














 / % 
η  
/ % 
O1 5.7 11.95±0.1 680±2 64.73±0.8 5.26±0.1 
O3 6.3 12.35±0.2 688±3 68.89±0.2 5.85±0.1 
O5 7.2 13.20±0.1 725±3 68.60±0.4 6.60±0.1 
O7 7.3 13.33±0.2 721±3 69.00±0.5 6.63±0.1 
O9 7.5 13.29±0.2 724±2 69.10±0.6 6.65±0.1 
D1 6.1 12.22±0.3 690±2 65.01±0.6 5.48±0.1 
D3 6.7 12.80±0.2 694±2 68.85±0.3 6.12±0.2 
D5 7.7 13.70±0.1 731±1 71.00±0.5 7.10±0.1 
D7 7.8 13.64±0.1 729±1 71.14±0.4 7.07±0.1 
D9 7.9 13.72±0.1 730±1 71.10±0.5 7.12±0.1 
C1 7.3 13.00±0.2 709±2 62.60±0.2 5.80±0.1 
C3 7.3 13.30±0.2 723±3 69.40±0.5 6.50±0.1 
C5 10.0 14.20±0.3 748±3 70.80±0.6 7.50±0.1 
C7 8.4 13.50±0.2 748±3 70.80±0.2 7.20±0.1 
C9 8.4 13.60±0.2 746±2 70.80±0.3 7.20±0.1 




From Table 4.3, we see that the amount of dye as well as Jsc increases monotonically with 
increase in the surface area of meso-TiO2 aggregates synthesized from OTAB, DTAB 
and CTAB templates. We have also noticed that the open circuit voltage increases by 23 
mV as we change the template from OTAB to CTAB. This could be explained in terms 
of the position of the Fermi level of TiO2 with respect to the redox potential of the 
electrolyte. As the surface area increases, a greater number of electrons would be 
generated due to the capture of more number of photons by dye molecules. 
Assuming that these electrons are transferred to the C.B of the TiO2, it is concluded that 
the electron density in the C.B increases, which would in turn shift the Fermi level 
towards C.B 
248
. In a DSSC, the open circuit voltage is essentially the difference between 
the Fermi level in TiO2 under illumination and the redox potential of the electrolyte 
32
. 
Since the same electrolyte is used for all the cells the increase in the voltage could be due 
to an increase in the density of electrons in the C.B Thus, the Jsc and Voc increase, 
resulting in enhancement of fill factor and the overall efficiency. The highest efficiency 
obtained is 7.5 % for the cell made from sample C5. The superior PV performance of 
DSSC using TiO2 aggregates synthesized from CTAB could be attributed to its better 
morphological features in comparison to OTAB and DTAB i.e higher accessible surface 
area and pore size (Table 4.2). As shown in Figure 4.7f, CTAB has large hydrophobic 
core owing to its longer alkyl chain (C16) than OTAB (C8) and DTAB (C12). As a result 
pore size (and pore volume) of TiO2 aggregate using CTAB would be larger, thus higher 
the dye loading. Due to large pores  the ions in the electrolyte shuttle fast between 
counter electrode to dye molecules in the process of dye regeneration as explained in the 
following paragraph
230




Figure 4.8b shows comparison between photocurrent-voltage characteristics of the cell 
using the meso-TiO2 prepared from three surfactants and NT. The short-circuit current 
density Jsc of NT cell is nearly 20 % lower than that of meso-TiO2. Lower Jsc of NT 
based solar cell can be attributed to the fact that the lower electron density of 
photoelectrons are generated owing to its smaller surface area (~50 m
2
/g) which allows 




) nearly 1.5-2 times lower than that of 
meso-TiO2. Another possible reason could be due to the smaller electron diffusion 
coefficient in NT, which are several orders of magnitude less than that of pure anatase 
based meso-TiO2 
37
. In addition, the high crystallinity and well interconnected grains in 
meso-TiO2 might have favored increased diffusion length for a facile charge transport. 
The average pore size of C5, O5 and D5 meso-TiO2 samples are around 5.7 to 7.0 nm and 
the molecular size of N3 dye is approximately 1.5 nm 
230
. Thus, a monolayer of the dye 
molecules adsorbed on the pore walls, leaves an aperture of 4-5 nm for the diffusion of 
 
Figure 4.9 Schematic model for dye adsorption and electrolyte diffusion in mesoporous channels. 







the electrolyte, which is slightly larger than the size of the I3
¯
 ion thus, facilitating easier 





within the electrolyte from counter electrodes to the dye or vice versa would be fast 
enough to regenerate the dye molecules which are subjected to the light illumination. The 
higher values of FF observed in this work are the evidence for such a process (Table 4.3).  
4.3.6 Effects of TiCl4 treatment 
A TiCl4 treatment for TiO2 films has been carried out according to the procedure 
described in chapter 3 (sections 3.4.1 and 3.4.3) to improve the cell efficiency by 
increasing the current generation within in the film. The electrodes are subjected to TiCl4 
treatment prior to (pre-treatment) and after (post-treatment) the deposition of TiO2 films.  
Several investigations had been carried out to better understand why TiCl4 treatment 
improves efficiency of DSSC. 
[10-12]
 The role of TiCl4 treatment can be briefly 
summarized as follows: A thin compact TiO2 layer is formed on FTO by the pre-
treatment, would enhance the bonding strength between the FTO substrate surface and 
the deposited TiO2 film and also blocks the electrons in originating from the conductive 
substrate and the I3
¯
 ions in the electrolyte thereby reducing the electron recombination 
11, 
12
. The post TiCl4 treatment results in the nucleation of small particles on the surface of 
the sintered TiO2 film and at the inter particle neck 
12
. These particles improve the 
necking between the particles which facilitate the percolation of the electrons from one 
particle to the other, leading to an increase in electron collection. Additionally, as shown 
by Ito et al 
[10]
 , the condensation of particles on the surface of TiO2 film increases the 
surface roughness factor and consequently the amount of dye adsorbed, thus enhancing 




Figure 4.10 shows the J-V characteristics of three kinds of meso-TiO2 electrodes as 




by the TiCl4 
treatment with a marginal change in both Voc and FF. The increase in current density and 
the conversion efficiency by about 10 % for electrodes subjected to both the pre- and 
post- treatments could be attributed to the reduction of recombination at the parts of FTO 
exposed to electrolyte, enhanced dye adsorption due and improved electron transport 
through TiO2 particle network which are the consequences of TiCl4 treatment as 
discussed above.  
Further works on the application and optimization of the improved device fabrication 
processes to achieve higher efficiency and a detailed investigation to study the charge 
transport and recombination characteristics in both non-aggregate and aggregate TiO2 
photoanodes is to be presented in the next chapter. 
 
Figure 4.10 J-V characteristics curves of DSSC using three types of electrodes: untreated with 
TiCl4 (a), pre-treated with TiCl4 (b) and (c) pre- qnd post-treated with TiCl4. Photovoltaic 
characteristic parameters are - no TiCl4: Jsc = 14.1 mA.cm
-2
, Voc = 745 mV, and FF = 71.06 %, 
and η = 7.5 %; pre-treated with TiCl4: Jsc = 14.73 mA.cm
-2
, Voc = 740 mV, and FF = 73 %, and η 
= 7.9 %; pre-&post-treated with TiCl4: Jsc = 15.53 mA.cm
-2
, Voc = 743 mV, and FF = 72.4 %, and 





In the present investigation, we have designed a soft-template based methodology for 
synthesizing mesoporous TiO2 aggregates using various cationic surfactants as structure 
directing and pore-forming agents. The obtained mesoporous materials were structurally 
characterized and employed as photoelectrodes in DSSC. Mesoporous TiO2 aggregates 
synthesized using OTAB, DTAB and CTAB templates exhibits high surface area around 
90-135 m
2
/g with uniform pores with sizes in the range 5.7-7.0 nm. A significant effect of 
the concentration of titania source with respect to template concentration was observed. 
The highest efficiency of 7.5 % was achieved using mesoporous TiO2 aggregates as a 
photoanode material and attributed to enhanced light harvesting owing to large amount of 
dye adsorption due to high surface area.  Further, the TiCl4 treatment of TiO2 films had 
elevated the efficiency to 8.25 % due to enhanced photocurrents. In summary, 
Mesoporous TiO2 aggregates used for photoanode in DSSC would be beneficial for 
obtaining high photovoltaic conversion efficiency.  
In view of the comparative nature of this study regarding the beneficial influence of TiO2 
aggregates on the enhancement of PV characteristics of DSSC, the PV performance of 
DSSC is not optimized for various photoanode fabrication conditions such as the film 
thickness etc. We feel that transforming the idea of optimized cell fabrication processes 








5. Multi-functional Photoanode Films using Mesoporous TiO2
 




During the operating conditions of DSSC the photoelectron generation, electron transport 
and recombination occur concurrently and are known to be the key factors in determining 
the performance of DSSC 
11
. These competing processes primarily depend on the 
structure of the TiO2 photoanode, which is thus considered as the backbone of DSSC. The 
collection efficiency of photoinjected electrons diffusing through the TiO2 nanoparticle 
network is limited by its recombination with I3ˉ ions in the electrolyte. In principle, rapid 
electron transport and slow recombination would complement high collection efficiency 
249
. Competition between electron transport to FTO and loss by back transfer to I3ˉ can be 
expressed in terms of the electron diffusion length, Le 
250
, 




                                                                                                                              
where l is the film thickness, τr and τt are the electron lifetime and electron transit time 
respectively. In a simple approximation, by facilitating the fast electron transport the 
recombination probability can be minimized. This would be achieved by increasing the 
number of possible percolation paths and/or decreasing the length of the percolation path. 
This pair of requirement is plausibly met using nanostructures in which well crystallized 
nanocrystallites are compactly packed. The compact packing of nanocrystallites causes 
an increase in the average particle coordinations and a reduction in the barrier between 
individual grains 
251, 252







Figure 5.1 Schematics of structure of bi-fuctional (a) and multi-functional (b) photoanodes. Ref. 
253
 
On the other hand for a higher photogeneration of electrons, the TiO2 photoanode should 
offer large surface area for greater dye adsorption and also facilitates electrolyte diffusion 
within its pores. Therefore, optimizing the microstructure of the photoanode is vital for 
developing highly efficient DSSC. Traditionally, a bi-functional TiO2 photoanode (Figure 
5.1a) comprising a nanocrystalline transparent layer (TL) of tiny particles of 20 nm 
diameter in combination with a light scattering layer (SL) formed using large particles of 
400 nm have been employed to achieve high efficiencies 
38
. The SL on top efficaciously 
promotes the light trapping within TL by back scattering of transmitted light. Therefore, 
bi-functional photoanode is undoubtedly in wide use for fabricating efficient DSSC. 
However, the SL does not generate much current because of low dye adsorption and also 
increases recombination losses due to electron trapping at numerous grain boundaries 
between individual grains 
36, 48, 49
.  Hence, this structure would not be the best choice. It is 
therefore worth designing the nanostructured TiO2 offering multiple functions, such as  
high dye loading, efficient light-trapping, enhanced electron transport and life times etc. 




nanostructures for applications such as core layer or SL in photoanode of DSSC 
49-51, 229-
231, 233, 254, 255
.  Figure 5.1b presents a schematic representation of such multi-functional 
photoanode which consists of submicron-sized TiO2 aggregates formed by intimately 
connected nanograins with mesopores, providing a large internal surface area. Such a 
mesoporous structure favours large uptake of dye molecules hence more photoexcited 
electron generation. In addition these structures exhibit a significant light-scattering 
property.
 
Also, the good intra-grain connectivity promotes facile charge transport within 
the mesoporous TiO2 (meso-TiO2) aggregates 
47
. While addressing above features of 
multi-functional photoanodes, most of the studies focused on the synthesis and 
characterization of meso-TiO2 aggregates pristine samples. Little or no attention has been 
paid to the study of characteristics of the processed photoanode films such as textural 
properties, optical properties, electron transport and recombination kinetics of meso-TiO2 
in detail. In the previous chapter, we presented synthesis of such meso-TiO2 aggregates 
by a simple, low-cost method which can be easily employed for mass production, and 
presented the structural and photovoltaic properties with a conversion efficiency of 7.50 
%. In this chapter, we present an elevated performance of 9.00 % conversion efficiency 
obtained by employing improved method of preparation of films using screen printing 
technique. In the previous chapter it was demonstrated that the best PV performance of 
DSSC is obtained for meso-TiO2 aggregates (C5) made using CTAB as surfactant. Thus, 
we used meso-TiO2 aggregates (C5) to prepare AT films while P25 was used for NT 
films for comparision purpose. In this Chapter, the photoanode films have been fabricated 
by screen printing method, which are expected to have better mechanical strength and 




layer of 4-5 µm thick is coated one after another. On the other hand, in doctor blade 
method the thickness of single layer coating is about 18-20 µm which is limited by the 
thickness of the scotch tape used. Further, we depict several materialistic properties of 
these mesoporus aggregate structures with respect to the elevated device performance. A 
quantitative comparison of charge transport and recombination properties of aggregate 
TiO2 (AT) based photoanode to those of typical non-aggregate TiO2 (NT) based 
photoanode in DSSC has been made. The electron collection efficiencies and diffusion 
length of AT and NT based DSSC are analyzed using IMPS, IMVS and EIS. 
5.2 Experimental 
5.2.1 Synthesis of meso-TiO2 aggregates and screen printable paste 
Mesoporous titania aggregates were synthesized by sol-gel processing of cetyl trimethyl 
ammonium bromide (CTAB) and titanium iso-propoxide in water-ethanol mixture and 
subsequent sintering in air at 450 
o
C for 6 h as described in the previous chapter. Screen 
printable titania paste using aggregate and non-aggregate TiO2 was prepared by method 
TP-2 presented in the chapter 3.  
5.2.2 Device fabrication 
The photoanode films were prepared by screen printing (SP) technique as described in 
chapter 3 (section 3.4.2.2).  DSSC devices are assembled according to the procedure DA-
2 (Section 3.4.7). The electrolyte B (Table 3.3) was used for fabrication of device. The 
cells were stored in dark for 24 h prior to the measurement. 
5.2.3 Characterization of photoanode films 
The crystallanity of the films was confirmed by powder X-ray diffraction (PXRD, 




measured by step scanning in the 2θ range between 20o and 70o, with 2θ step size of 0.02o 
and a measuring time of 3s per point. The average crystallite size and relative weight 
percent of the anatase and rutile phases in the films were calculated via Rietveld 
refinement method using TOPAS version 3 software. FESEM (Jeol JSM-7000F) was 
used to study the morphology of the films. The thickness of TiO2 layers was determined 
by profilometry measurement made using an Alpha-Step IQ surface profiler. Nitrogen 
adsorption isotherms were measured at 77K on Nova 2200e surface area and pore 
analyzer (Quantachrome, USA). Prior to the measurement all the samples were out-
gassed at 130 
o
C overnight. The specific surface area was calculated from nitrogen 
adsorption isotherms in the relative pressure range of 0.05-0.30. The total pore volume 
was estimated from the amount of gas adsorbed at a relative pressure of ~ 0.99. The pore 
size distributions were calculated from desorption isotherm using BJH method. UV-Vis 
absorption and reflectance spectra of the various TiO2 photoanodes were measured using 
a Shimadzu SolidSpec-3700 UV-Vis-NIR spectrophotometer equipped with an 
integrating sphere. The dye adsorption was examined using the Shimadzu 1800 UV-Vis 
spectrophotometer by measuring the absorption spectra of the desorbed dye solution in a 
0.1M NaOH aqueous solution. 
5.2.4 EIS, IMPS and IMVS characterization  
Electrochemical impedance measurements were carried out under different illumination 
levels (Global AM 1.5) using a potentiostat equipped with a frequency response analyzer 
(Auto lab, PGSTAT302N). The light source was the same as that in the cell performance 
test. The frequency range from 100 kHz to 50 mHz and a potential modulation of 10 mV 




were analyzed using Z-view software with appropriate equivalent circuit as described in 
chapter 3. The photocarrier transport times at short circuit were measured by IMPS. The 
photocarrier recombination times at open circuit were measured by IMVS. For these 
measurements, the DSSC were probed through photoanode side by a frequency response 
analyzer using a light-emitting diode (LED, 456 nm) as the light source. The d.c 
component light intensity was superimposed with a small a.c component (10 % or less of 
the d.c component), the frequency range was 1 kHz - 0.1 mHz. The d.c light intensity was 
varied from 15 to 0.1 mW.cm
-2
 using a calibrated Si photodiode  
5.3 Results and Discussion  
5.3.1 Textural properties 
Figures 5.2a and b shows the observed, calculated and difference XRD profiles of typical 
Rietveld refinement of AT and NT films. The goodness of fitting (GoF) values is very 
close to 1 and lower values of R (reliability)-factors (i.e. Rwp, Rp and Rexp) confirm the 
goodness of refinement. The measured pattern and refined results reveals that the AT film 
contains pure anatase crystallites while the NT film consists of both anatase and rutile 
crystallites. The relative amount of rutile crystallites in NT film was calculated to be 18.1 
%, remaining being the anatase. The calculated crystallite sizes are 16.0 and 25.2 nm for 
AT and NT respectively. Refined lattice parameters for anatase pure phase (space group: 
I41/amd) were determined to be a = b = 0.37870 nm and c = 0.95173 nm. These values 
agree well with the values in literature data 
256
  and JCPDS (#782486). Refined lattice 
parameters for rutile phase (space group: P42/mnm) were determined to be a = b = 
0.74598 nm and c = 0.2959 nm. These values also closely agree with the ones given in 
literature 
257





Figure 5.2  PXRD analyses plots for aggregate TiO2 AT (a) and non-aggregate TiO2 NT (b).  
The observed data, calculated data and their difference is shown. Braggs peak positions of anatase 
and rutile phases are shown as small solid bar markers. Reliability index parameters of refinement 
are also included 
 
Figure 5.3a-c shows the SEM images of the morphology of pristine AT sample, AT and 
NT photoanode films.  As-synthesized TiO2 particles are formed due to aggregation of 
several spherical nanograins. The AT photoanode film does exhibit coarse and 
polydisperse mesoporous aggregate structure extending up to a micron while NT 
photoanode film comprises of fine structure with numerous tiny nanocrystallites. A less 
amount of porous voids can thus be seen in the AT films due to high packing density 
while NT films had a higher porosity since the dispersed nanocrystals are loosely packed.  





Figure 5.3 FESEM images of pristine AT (a) , AT film (b);and NT film (c) 
 
crystallites which is trivial from the FESEM micrographs. A less amount of porous voids 
can thus be seen in the AT films due to high packing density while NT films had a higher 
porosity since the dispersed nanocrystals are loosely packed. It is presumed that the 
mesopores in AT films are formed due to aggregation of the small crystallites which is 
trivial from the FESEM micrographs. To substantiate this assumption, scratched AT and 
NT samples from the sintered films were analyzed by N2 adsorption-desorption 
measurements the corresponding graphs are displayed in Figure 5.4. As can be seen 
 
Figure 5.4 Nitrogen sorption isotherms and pore size distribution curves (insets) of TiCl4    




Table 5.1 Textural properties of AT and NT photoanode films 
 




























 115 6.0 (15) 0.30 54 190 2.79 
NT
#
 54 26 0.41 62 73 2.32 
AT 93 5.0 (13) 0.21 45 199 3.12 




 Films not treated with TiCl4;  the porosities can be calculated by using the equation 
247, 258
: P = Vp/(q
-1
 + 




) and q is the density (3.92 g.cm
-3
) of anatase 
TiO2; The roughness factor (R) is calculated by the equation 
258
: R = q(1 - P)S, where P is the porosity (%) 




). The data in the parenthesis are the size of the inter- particle pore.  
 
 
in insets of Figure 5.4 a & b unlike NT films, the pore distribution in an AT film sample 
shows maximum pore volume centered on 5 nm and 13 nm. The tiny mesopores are 
associated with inherently built intra-particle pore within micron sized aggregates while 
the larger pores represent inter-particle pores between the neighboring aggregates. A 
narrow pore distribution at 5 nm was observed for AT film suggests presence of largely 
uniform intra-particle pores which could increase accessible surface area for dye 
adsorption and promote the rapid diffusion of various redox shuttles in electrolyte during 
the photovoltaic reaction 
50, 230, 231, 259
. Table 5.1 presents BET surface area, pore size, 
volume, porosity, roughness factor and dye loading in both the films. The decrease in 
surface area, pore size and porosity of the films after TiCl4 treatment, clearly indicates 
formation of a compact interconnected network of particles. Despite the decrease in  
surface area, the increased roughness of the films leads to higher dye adsorption (see 
Table 5.1) 
260
. The amount of dye adsorbed in the above Table is nearly 3 times lower  in 




because the thickness of the films used in DSSC fabrication in Chapter 4 is ~ 29 µm. 
Further, the films prepared by doctor blade method have dense packing with higher mass 
loadings.  
5.3.2 Optical properties 
The large amount of dye adsorption and enhanced light scattering effect are considered to 
be two main factors influencing light harvesting efficiency and hence photon-to-current 
conversion efficiency of the respective DSSC. Measured diffused reflectance (DR) and 
absorption spectra of the un-dyed and dyed AT and NT films with and without scattering 
layers are displayed in Figure 5.5. As illustrated in the Figure 5.5a, the case of a 
photoelectrode film made from AT show higher diffusive reflectance. This is because the  
films are made of nanocrystallite TiO2 aggregates featured the dimensions of few 
hundreds of nanometers. Thus, these aggregates can serve as scatterers causing light 
scattering within the photoanode film 
261
. Such light scattering may benefit DSSC by 
extending the travelling path of light within the photoanode film and thus increasing the 
probability of photons to interact with the dye molecules adsorbed on the TiO2 surface. 
The amount of reflected visible light is found to be increased with the thickness of AT 
films. The thicker films yielded more effective light scattering than the thinner films due 
to the existence of multiple layers of AT which led to multiple light scattering.  
Particularly, high light scattering effect was observed when the commercial SL of TiO2 
with diameters 300-400 nm is coated over AT layers. Compared to the AT films, the NT 
films show poor reflectance abilities (see Figure 5.5b) in the visible and near infrared 
regions (from 500 to 700 nm). In case of the NT films, the reflection was greatly 





Figure 5.5 UV-Visible diffuse reflectance spectra of the films based on AT (a): (i) AT (8.2), (ii) 
AT+SL (7.8+3.9), (iii) AT (11.5), (iv) AT+SL (9.4+4.2), (v) AT (19.2), (vi) AT (21.8), (vii) 
AT+SL (15.2+3.6) and (viii) AT+SL (18.7+3.2);  diffuse reflectance of undyed NT and AT films 
(b), diffuse reflectance (c) and the absorption spectra (d) of  dyed films The thickness values are 
given in µm. 
 
lower than those in AT films without SL. The overall reflectance values did not differ 
much between the AT films with and without SL for  the spectral range 400-550 nm, but 
the film with SL exhibits a stable and  higher reflectance over the range 550-750 nm, 
made from AT (Figure 5.5d), thus demonstrating the effectiveness of TiO2 aggregates in 
light scattering. The higher absorbance in shorter wave length region also could be due to 
its large surface area. 
5.3.3 Incident photon to current efficiency  




5.6, which displays IPCE spectra as a function of wavelength. It is worth to note that the 
spectra for AT films (Figure 5.6b) are broadened compared to NT films (Figure 5.6a), as 
the thickness of AT film increases. This is due to the extra absorption of the light which 
is caused by the light scattering ability of aggregates. The DSSC using AT film shows a 
better photoelectrical response, obviously its IPCE is higher than that of NT based cell 
over the entire wavelength range. This is also in good agreement with the enhanced light  
 
 
Figure 5.6  IPCE spectra of DSSCs with photoanode films made using NT and AT. NT layers of 
different thicknesses (a): (i) 7.7 µm, (ii) 11.1 µm, (iii) 14.3 µm, (9.4+4.2) (ii) AT+SL-18.7+3.2 
(iv) 19.6 µm and 22.5 µm; AT (b) : (i) 8.2 µm, (ii) 11.4 µm, (iii) 14.4 µm, (iv) 19.1 µm and (v) 
23.5 µm; AT+SL (c) : (i) AT - 11.4 µm,  (ii) AT+SL-7.9+3.6 µm, (iii) AT-14.4 µm, (iv) AT+SL-
9.4+4.3 µm, (v) 19.1 µm and (vi) 22.7 µm;. (vii) AT+SL-15.1+4.2; comparison of IPCE spectra 




scattering and dye adsorption as discussed above. By adding a SL on top of AT layer, 
slight improvements in IPCE is observed at higher wavelength which is in good accord 
with the observed reflectance with and without SL (see Figure 5.5 b & c). This clearly 
indicates that SL of 400 nm particles is more efficient than the mesoporous aggregates for 
scattering the light radiation. This speculation can be inferred by comparing the 
reflectance and normalized IPCE spectra of AT+SL and NT+AT films, where the 
performance of later is inferior to the former. Despite the lower scattering ability, AT 
films induce higher IPCE maximum which is attributable to their unique bi-functional 
property of high dye adsorption and back scattering of light at longer wavelengths. In 
conclusion, the AT films show higher photon to current conversion efficiencies than NT 
films, which mainly results in an increased Jsc of AT cells discussed in detail in the 
following section. 
5.3.4 Optimization of PV performance by controlling the photoanode film thickness 
The thickness of TiO2 film is an important parameter which affects the PV performance 
of the DSSC, because a variation in the film thickness changes the amount of dye 
adsorbed, as well as Jsc and η owing to the change of total TiO2 surface area 
262
. 
Furthermore, it also significantly affects Voc due to to enhanced electron recombination  
40
. Therefore, it is necessary  to  optimize the  thicknesses  of  the  TiO2 film to  improve  
the  efficiency  of  DSSC. In this section, we examine the effect of the film thickness of 
NT and AT films on the PV performance of DSSC. The variation in the four PV 
parameters as a function of film thickness is shown in Figure 5.7. The dye adsorbed in the 
thicker films absorbs more light and then more electrons are generated. As depicted in 




close to 14.2 and 16 mA.cm
-2
 respectively for NT and AT around 22 µm, resulting from 
the monotonous increase in the amount of dye adsorbed with increasing the film 
thickness . Contrastingly Voc and FF, in Figure 5.7 b & c decreases for both the NT and 
AT based DSSC with increasing film thickness due to augmentation of the surface area, 
which provides additional electron recombination sites and enhances the dark current 
40
. 
Moreover, in thick films the outer TiO2 particle layers do not contribute significantly to 
the photogeneration of electrons, owing to the filtering of light by the dyed particles 
located close to the FTO glass. The maximum efficiency acquired in DSSC using AT  
 
 
Figure 5.7 PV characteristics of DSSC using NT and AT based anodes as a function of TiO2 film     
thickness: a) open-circuit voltage, Voc, b) short-circuit photocurrent density, Jsc, c) fill factor FF, 






photoanode with film thickness of 19 μm was 9.0 % with Jsc  of 15.73 mA.cm
-2
, Voc of 
779 mV  and FF of 73.43 %; while η of the cell using NT  with  similar film  thickness  
about 18.6 μm reached 7.5 %, with  Jsc  of  13.9 mA.cm
-2
, Voc of 766 mV and FF of 
70.60. However, highest η of 7.90 % at a thickness of 22.6 µm was observed for NT 
based DSSC. At all the film thicknesses used, solar cells fabricated from AT films 
outperformed its non-aggregate counterparts, NT based cells. The improved efficiency 
mostly results from higher Jsc for cells made using AT films which is attributed to its high 
dye loading and superior light harvesting efficiencies to generate more electrons in 
accordance with BET, reflectance and IPCE results. The charge recombination can be 
estimated by the magnitude and onset of dark current which arises from the reduction of 
I3¯ ions by the electrons 
263
. As shown in Figure 5.8b, the dark current onset occurs at 
higher potential (638 mV) for AT cells than NT cells (605 mV). The AT cells produced a 
lesser dark current than NT cells at a given potential above 600 mV, indicating a low 
recombination of the transported electrons and I3¯ ions in electrolyte in the AT based 
cells ensuing high Voc and FF.    
 
Figure 5.8 J-V curves of fabricated DSSC with NT and AT films: under AM1.5G, 100 mw.cm
-2
 




Table 5.2 PV characteristic parameters of several DSSC devices fabricated using AT, NT films 
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We have further scrutinized the effect of a gradual increase in AT film thickness in 
combination with SL of ~ 4 µm thick. The results are summarized in Table 5.2. The 
DSSC using AT+SL electrodes showed nearly same or lower Voc and FF but higher Jsc 
than those with only AT films, despite higher dye loadings in the later. The higher Jsc for 
AT+SL based devices can be attributed to enhanced IPCE in the long wavelength region 
owing to higher light scattering a property of AT+SL films as discussed in the previous 
sections. Indeed, the overall power conversion efficiency of DSSC using AT+SL films is 
nearly comparable when thicker AT films are used. As mentioned earlier, the AT has 
sub-micron size particles, thus serving as scatterers to cause light scattering within the 
photoanode film. A large surface area ensured the photoanode film consisting of 
aggregates to achieve sufficient dye adsorption than the conventional scattering particles. 




of higher photocurrents. Furthermore, the compact packing of nanocrystallites within the 
aggregates could also be the reason that further contributed to improved Jsc and η. 
However, it should be noted that the generation of more electrons solely would not result 
in higher Jsc because it also depends on the collection efficiency of electrons. As 
discussed so far, the apparent discrepancy in PV performance could not be directly 
assigned to textural differences between the AT and NT films, as several effects 
associated with electron transport, recombination and collection have been known to 
significantly modulate the photovoltaic device efficiency 
23
. 
5.3.5 Electron transport and recombination kinetics 
To understand further how the differences in the intrinsic properties of these two films 
affect the PV performance, we explored electron transport and recombination kinetics as 
investigated by IMPS-IMVS and EIS under illumination from a monochromatic light 
source. 
5.3.5.1 IMPS-IMVS study        
Electron transport time across the photoanode films (τt), the recombination time of 
electrons (τr) and charge collection efficiency (ηcc) are determined by IMPS-IMVS 
measurements using  the following equations 
264, 265
 
                                                                                                            
where,  ft is the characteristic frequency minimum of the IMPS imaginary component and 
fr is the characteristic frequency minimum of the IMVS imaginary component of the 
complex impedance.  
From τt values obtained using the above Equation 5.2, the diffusion coefficient, De is 




        τ                                                                                                                                   
Figure 5.9 a displays the electron diffusion coefficient (De) and electron lifetime (τr) as a 
function of short-circuit photocurrent (Jsc) for both types of DSSC before and after 
treatment with TiCl4. It is noticed that the diffusion coefficient for electrons is higher in 
AT films in comparison to NT films independent of TiCl4 treatment. Despite the poor 
electrical contacts between the inter-particles in AT films, the De values obtained from 
the corresponding DSSC remains higher than that of the NT based DSSC, indicating fast 
electron transport in the AT films.  This is attributed to the high crystallanity (concurrent 
with the XRD results) and compact packing of primary nanocrystallites in AT films. The  
   
 
Figure 5.9 Effective electron diffusion coefficients (a) and electron life time (b) as a function of 
Jsc for DSSC assembled from AT, NT films treated with TiCl4 and untreated with TiCl4 (NT*, 
AT*); comparison of collection efficiencies at different intensities (c). Electron diffusion 







long transport time in NT films is a result of prolonged electron transport length owing to 
poor connectivity between particles and also the presence of rutile crystallites 
37
. Note 
that the Jsc is proportional to the light intensities for both the cells.  Upon TiCl4 treatment 
of photo electrodes, the De values are nearly doubled in both cases (see Figure 5.9 a) 
because TiCl4 treatment would boost interfacial conductivity between contiguous 
aggregates. It is therefore presumed that the electron pathway to the collector is mainly 
reduced in the uninterrupted network of particles in such films.  
Figure 5.9 b shows that electron lifetime (or recombination time) is longer in AT cells 
than NT cells and exhibit a power-law dependence on Jsc. These results indicate that the 
recapture of the electrons in the AT films by I3¯ ions in the electrolyte should have been 
slower than that in the NT films. The life times of electrons in TiCl4 treated films are 
longer compared to those in untreated films. Because TiCl4 treatment led not only to 
good connectivity of the particles but also to surface passivation of the particles, thus 
reducing the electron trap density 
11
. Consequently, electron life time is increased.  
The charge collection efficiency, ηcc is a very important parameter in determining the 
performance of a DSSC. It is a resultant of the competition between recombination and 
transport of electrons within the photoanode 
265
.
   
Obviously, from Figure 5.9 c we note 
higher collection efficiency of electrons in AT cells compared to NT cells.  Furthermore, 
ηcc for AT cells remain nearly constant over the range of illumination intensities while a 







Figure 5.10 Simple schematic representations of electron transport paths in AT (a) and NT (b) 
photoanode films 
 
A simple qualitative model is shown in Figure 5.10 demonstrating possible reasons for 
significant differences in the electron transport patterns in NT and AT films. The electron 
trap states due to impurity segregations in the nominally pure titanates are often located at 
grain boundaries 
266
; such trap states are likely to be high in NT films due to poor 
connectivity of the particles (Figure10b). Therefore, more electrons get trapped in these 
states, the transport length becomes smaller. In AT films (Figure 10a), good electrical 
contact between nanocrystallite domains eliminates or lessens frequency of such trapping 
incidents. As a result shorter electron transit time and higher effective diffusion 
coefficients are observed. Besides the phase of AT crystallize in pure anatase, such single 
phase, high crystallanity lead to improved electron transport properties. 
5.3.5.2 EIS study 
For EIS measurements, a high d.c bias of 3 V was applied to the LED in order to elevate 




(NT and AT) was measured at different bias conditions and fitted to equivalent circuit 
model proposed Bisquert et al 
267, 268
 for DSSCs utilizing the I¯ / I3¯ redox couple. From 
the fitted results the values of transport resistance, Rt and recombinarion resistance, Rr 
and the chemical capacitance, Cµ in TiO2 films were estimated.  These values along with 
calculated diffusion length as a function of applied bias are plotted and shown in Figure 
5.11. Using the geometrical parameters given in the Table 5.1 and Rt values obtained 
from EIS, the electron conductivity within the dye-illuminated TiO2 can be calculated 
using the following relationship 
269
: 
   
 
         
                                                                                                                                   
where L is the photoanode length, A is the area of the film, and P is its porosity. 
The other parameters, Rr and Cµ extracted from equivalent circuit fitting were 
normalized, to remove the differences due to physical dimensions of the  individual solar 
cells so as to enable a reasonable comparison of the capacitances and resistances for 
photoanodes of differing thickness or porosities etc. 
269
.  
   
  
 
       
                                                                                                                                      
      
                                                                                                                                                
Figure 5.11 a presents a comparison of curves for conductivity vs. potential of the cells 
made with NT and AT films. The AT based devices show relatively high conductivity in 
the measured potential range. This can be attributed to the lower electrical resistance at 
the grain boundaries in the tightly connected particle network of aggregate TiO2. The 
chemical capacitance, Cµ gives the total density of free electrons in the conduction band 







Figure 5.11 Plots of applied potential vs. electronic conductivity, σTiO2 (a), normalized chemical 
capacitance, Cµ (b), normalized recombination resistance, Rr (c) and diffusion length, Le(d). Le = l 
(Rr / Rt)
1/2 
where l is the thickness of the film.  
 
It is clearly shown that TiO2nanostructures in the electrodes significantly influence the 
value of capacitance. Figure 5.11 b shows that chemical capacitance of NT films had a 
larger capacitance than the AT films, which agrees well with the preceding argument that 
the defect sites in the NT films act as electron traps. The higher trap density of the NT 
films leads to larger Rt values than those in the AT films. This agrees well with the IMPS 
results. Due to the relatively slow transport through the NT film, recombination of 




TiO2/electrolyte interface can be described by electron recombination, Rr which obtained 
measurements. Rr varies with the Fermi level as 
268
,  
              -                                                                                                                   
In the above equation, R0 is a constant indicating the onset of recombination, and β is the 
recombination coefficient, a factor governing the electron transfer losses from TiO2 to I3¯ 
ions in the electrolyte. In Figure 5.11c we obtain slightly larger Rr for AT films compared 
to NT films, indicating that aggregate structures in the AT electrode can significantly 
reduce  the interfacial recombination of the electron with the I3¯ ions by facilitating fast 
electron transport. As a result, the AT films showed a slightly larger electron life times 
than the AN films as presented by the preceding IMVS measurements.  
Thus, slope β for the AT based DSSC is 0.26, while for NT, β = 0.20. These values are 
close to those typically found in the case of TiO2 nanoparticles and I¯ / I3¯ redox couple 
144
. The values of β determine the maximum FF attainable by the solar cell 269. The higher 
β value thus accounts for greater FF for AT DSCC than that for NT DSSC. The AT 
photoanode with fewer trap states showed better electron transport and recombination 
and is responsible for the higher  apparent charge-collection distances, Le. The calculated 
Le for AT DSSC remains almost the same while it decreases in case of NT DSSC. 
5.3.6 Effect of light intensity on PV performance  
Figure 12 illustrates the effect of incident light intensity on PV performance. As seen in 
Figure 5.12b, Jsc of both cells, increases linearly with illumination intensity. As the 
intensity increases more photons are observed by the dye molecules in the film and more 
current is generated. Further, the Jsc of DSSC with NT was obviously higher than the 





Figure 5.12 J-V curves measured under simulated AM1.5G at 1 sun and 0.16 sun for devices 
with NT and AT films (a); variation of Jsc with light intensity (b) and Jsc/I of AT and NT cells as a 
function of light intensity (c) 
 
remarkable PCE, as high as 10.84% under AM1.5G, 0.16 sun illumination condition. 
Note that the Jsc is proportional to the light intensity over the range of light intensities. 
Compared to the initial efficiency of these devices at 1 sun, the observed improvement at 




high FF suggests a long life time for electrons in these devices. Another plausible 
explanation is provided in the following paragraph.  
The ratio of short-circuit photocurrent density to light intensity (Jsc/I ) which is equivalent 
to the apparent incident photon-to-current conversion efficiency (IPCE) was calculated 
111
 and the results are presented in Figure 5.12c. For the AT cell, the apparent IPCE 
increases as the intensity is reduced while it shown a decreasing trend for NT cells. It is 
known that at low intensity, the electron density in C.B is less and the probability for a 
percolating electron to be trapped will be high 
111
. The presence of a few trap sites (if 
any) at grain boundaries in AT films must have suppressed the probability of electron 
trapping, thus facilitating large electron collection as demonstrated by IMPS-IMVS and 
EIS study. In contrast more trapping of electrons at multitudinous trap sites present in 
grain boundaries of NT films results in only fewer electrons collection, which is evident 
from low IPCE observed.  
To elucidate, factors responsible for such higher performance of AT under varying 
illumination conditions, the charge collection efficiencies have been evaluated using EIS 
under real performance testing conditions (AM1.5G). The measured EIS plots at 1 sun 
and 0.16 sun are shown in Figure 5.13. As depicted in Figure 5.13 a and b the EIS spectra 
of both AT and NT based DSSC displayed two semicircles. The electron transport and 
recombination in the AT and NT films is the primary concern in this study. The values of 
Rt, and Rr obtained from the equivalent-circuit simulation of the middle-frequency arc is 
listed in Table 5.3 along with the calculated values of ηcc and Le. At different illumination 






Figure 5.13 Typical Nyquist (a-b) and bode (c-d) plots of DSSC using NT and AT films at 1 and 
0.16 sun (AM1.5G) 



















AT 0.06 277 93 71 
NT 0.10 205 84 46 
0.62 
AT 0.12 540 92 67 
NT 0.18 339 82 43 
0.45 
AT 0.25 895 90 60 
NT 0.34 577 80 41 
0.16 
AT 0.45 1729 91 62 
NT 0.81 1209 77 40 
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Le = l (Rr / Rt)
1/2 







This result provides a hint that the electron trapping is minimized in AT films due to 
enhanced electron transport at grain boundary (interfaces) perhaps due to accumulated 
space charge layers of electronic charges at the interfaces of the neighbouring primary 
crystallites within AT aggregates 
266
. Contrastingly, in the NT films the poor 
interconnectivity between the adjacent particles has delayed the electron transport across 
the boundaries; therefore the charge transport resistance is larger. Importantly, the higher 
Rr values observed for AT cells accounts for longer electron life time, as supported by the 
observed lower frequency maximum in Bode plots in Figures 5.13 c & d. Hence it is 
believed that in AT based cells, comparatively, more photogenerated electrons are 
extracted to the external load. Contrary to this, NT films have long transport time for the 
electrons before they are collected at FTO substrate, thereby increasing the probability of 
recombination. The calculated electron collection efficiencies are higher in AT cells at 
different intensity levels employed in this study. Relatively, higher charge collection 
efficiency in AT cells than NT cells (91 % vs. 77 %) at low illumination intensity 
resulted in notably higher overall light-to-electric energy conversion efficiency of 10.84 
%.  The ηcc can also be assessed in terms of electron diffusion length, Le which is defined 
as the average distance that electron travels in the electrical conducting network of TiO2 
before it recombines with I3¯ species in the electrolyte. In the present work, the Le for NT 
and AT cells determined under different light illumination conditions is about 62-71 µm 
and 40-46 µm respectively. The values of Ln are fairly comparable with those reported by 
Wang and Peter for DSSC using acetonitrile based electrolyte 
270, 271
. Apparently, the 
diffusion lengths in AT cells are longer than that in NT cells, as a result high charge 





In conclusion, we have demonstrated unique properties of mesoporous TiO2 aggregates 
offering multiple functions of a photoanode of an efficient DSSC. The nitrogen sorption 
spectra and diffuse reflectance spectra showed that the photoanodes prepared using the 
sub-micrometer sized nanocrystalline aggregates can absorb more dye and 
simultaneously back scatters the light into the film, originating from in-built mesoporous 
aggregate structures. Additionally, tight packing of pure anatase nanocrystallites with in 
an aggregate has facilitated the fast electron transport and low recombination of 
electrons. The presence of impure phase in anatase in NT films along with poor inter-
particle connectivity associated with the particle packing density resulted in longer 
transport time and shorter life time of corresponding DSSC. Under global AM 1.5 (1 sun) 
the overall photovoltaic device efficiency of 9.0 % (vs. 7.50 % for NT cells) was obtained 
without any additional scattering layer. Interestingly, this cell had shown an enhanced 
conversion efficiency of 10.84 % (vs. 8.30 % for NT cells) at low light intensity of 0.16 
sun. IMPS, IMVS and EIS analyses showed higher charge collection efficiencies ( > 90 
%) for AT based cells. Finally, it is also important to emphasize that multi functional 
mesoporous TiO2 aggregate based photoanodes may be ideal for DSSC to achieve power 
conversion efficiencies higher than the current benchmark efficiency. As a concluding 
remark, it is important to mention that though our best optimized AT based DSSC 
exhibited a power conversion efficiency of about 9.0 %, their present limitation appears 
to be the relatively high thickness of the films used. We propose that combining with 
dyes having high molar extension coefficients and durable electrolytes, this type of 




6. Tantalum Doped Titania as an Efficient Photoanode for 
High Performance Dye Sensitized Solar Cells 
 
6.1 Introduction 
In the previous chapter it is shown that the poor particle connectivity in non-aggregate 
TiO2 has resulted in relatively large electron transport resistance and shorter diffusion 
lengths.  In order to improve to improve the PV performance of DSSC based on non-
aggregate TiO2, as a potential approach the modification of TiO2 properties have been 
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;  non-metal doped-TiO2 (N, S, Al, B) 
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. Doping implies the 
incorporation of a foreign cation or anion into the crystal lattice of the host metal oxide 
i.e. TiO2. Two main potential modifications in the host lattice may be envisaged, either 
the substitution of titanium or oxygen ion in the lattice structure. The main objective of 
doping of TiO2 is to alter its electro-optical properties to enhance electron transport 
and/or to retard electron recombination. A comprehensive list of doped TiO2 
nanoparticles, methods of its preparation and effects on PV performance of DSSC are 
summarized in Table 6.1. 
6.1.1 Related studies of metal ion doped titania 
Selective doping of metal ions into the crystalline titania matrix has been proven to be an 
efficient route for improving the PV performance [1, 4, 5, 7, 13-20]. Sol-gel processing 
of titania and metal precursors followed by heat treatment in autoclaves was exhaustively 




Table 6.1 Dopant ions, preparation methods of doped TiO2 and the effect on PV performance of DSSC 
Kind of 
dopant 
Dopant Method of Preparation Dopant range 
(Optimal  level) 
/ % 
Main effects Efficiency 













Zinc nitrate and commercial 
TiO2 was added to aq.  NaOH 
which is subjected to 
hydrothermal treatment. 
0-1.2 at. 
 (0.4 at.) 
Both Jsc and Voc improved 






Sol-gel and hydrothermal 
treatment of metal precursors 
 
0-0.6 M  
( 0.2 M) 











Co-hydrolysis of titanium and 
chromium precursors followed 
by hydro-thermal treatment at 
250 
o
C for 12h 








Direct addition of Cu 






 Both Jsc and Voc improved 












Titanate precursor and tin 
alkoxide were hydrolyzed in 
acid catalyzed mixture of 
water and ethanol, followed by 
hydrothermal treatment at  240 
o
C / 6 h 
0 -1 mol. 
(0.5 mol.) 
Both Jsc and Voc improved 








Co-hydrolysis of Alkoxide 
precursors in acid-catalyzed 
aqeous media followed by 
autoclaving at 250 
o
C for 12 h 





Dopant Method of Preparation Dopant range 
(Optimal  level) 
/ % 
Main effects Efficiency 






Niobium powder and 
tetrabutyl titanate were added 
into a solution containing 
hydrogen peroxide and 
ammonia to obtain the 
precursor. The precursor was 
then heated to 80 
o
C to remove 
excess H2O2 and NH3, and 
then heated in an autoclave at  
180 
o
C for 20 h 
0 – 10 mol. 
(5 mol.) 
Enhanced photo currents 






process. Alkoxide precursor of 
titananium and niobium are 
hydrolyzed in acid containing 
aq. solution, followed 
autoclaving at 250 
o
C for 12 h 









Alkoxide precursor was mixed 
in acid catalyzed alcohol-water 
mixture. The resultant 
precipitate was hydrothermally 
treated at 240 
o
C for 6 h 
0-1mol. 
(1 mol.) 









TiO2 precipitate was mixed 
with Na2WO4 aq. solution and 
then reflux-ed at   120 
o
C for 
12 h. Thus, obtained colloid 
was then hydrothermally 
treated at  220 
o
C for 12 h 
0 – 5mol. 
(0.2 mol.) 
Enhanced charge injection and 
retarded recombination 







Anatase TiO2 powder was 
heated at 500 °C under a dry 
N2 gas flow in the presence of 
carbon for 3 h 
N.A Enhanced IPCE  






















Method of Preparation Dopant range 
(Optimal  level) 
/ % 
Main effects Efficiency 
(vs. pristine TiO2) 
/ % 
Ref. 
Gelling of alkoxide precursor 
and urea in water, followed by 
autoclaving at 200 
o
C for  10 h 







Sintering of TiO2 powders at 
500 
o
C for 3 h under dry N2 
and NH3 gas flow 
 








Aq. mixture of alkoxide 
precursor with urea and boric 
acid heated at 80 
o
C for 10 h 










Titanium alkoxide was 
hydrolyzed in a mixture of 
water and ethanol and heated 
at 80 
o
C for 8-15 h and then 
autoclaved  at 200 
o
C for 10 h  
















Lanthanum nitrate was added 
acid catalyzed hydrolyzed 
alkoxide aq. solution, 
autoclaved at 240 
o
C for 12 h 
0-2 mol. 
(1.0 mol.) 
Increased photocurrents due to 






Acid catalyzed aq. mixture of 
cerium(III) nitrate hexahydrate 
and titanium alkoxide was 
peptized at 80 
o
C and then 
hydrothermally treated at 220 
o
C for 12 h 
0-0.9 M 
 (0.1 M) 
Enhanced Jsc due to improved 
electron injection 









Acidified aq. mixture of 
titanium alkoxide and Eu2O3 
was gelled, hydrothermally 
treated at 227 
o
C for 12 h and 
then heated at 500 
o
C for 6 h 
0-0.04 M 
(0.03 M) 








enhanced conductivities, as a consequence higher photocurrents were obtained. However, 
the supplementary charge incorporated in the lattice by doping with metal-ions was found 
to increase the trap states, resulting in the decreased electron recombination resistance. 
The role of metal-ion doped TiO2 in photoanodes of DSSC is discussed in the following 
paragraphs. 
In 2009, Wang and Teng synthesized highly dispersed Zn
2+
 doped nanocrystalline titania 
films and used as photoanode to enhance electron mobility in DSSCs 
111
. Of great 
interest, at optimal dopant concentration, an improvement of conversion efficiency by 23 
% was achieved at a solar light intensity as low as 11 mW.cm
-2
. This is attributed 
enhanced transport of photogenerated electrons due to minimized trap density. Zn
2+
 
doped TiO2 films were also adopted as photoanode in quantum dot-sensitized solar cells 
and a large improvement in efficiency by 24 % was achieved 
290
. The improvement was 
ascribed to a reduction in the electron recombination and an enhancement of electron 
transport in Zn
2+
 doped TiO2 films. Mg
2+ 
doped TiO2 electrodes in DSSC, however did 
not show a significant improvement in efficiency 
117
. The incorporation of the Mg
2+
 ions 
in the anatase lattice lead to a negative shift of C.B TiO2 and enhanced diffusion 
coefficients.  
Alarcon et al 
283
 modified nanostructured TiO2 films by Al
3+ 
insertion of using an 
electrochemical process. Longer electron lifetimes at open-circuit conditions are found 
for Al
3+ 
modified TiO2 solar cells. Wijayarathna et al [20] investigated the PV 
performance of the DSSCs made from nanocrystalline TiO2 surface optimally doped with 
copper and found that Cu
2+
 doping shifted the flat-band potential (Vfb) of TiO2 in the 




possibly due to an increased chemical stability of Indoline 149 dye with the copper 





 doped TiO2 as a second layer in the double-layered electrode, have reduced 
the probability of recombination of excited electrons and holes, as result Jsc is increased 
during the operation of DSSCs.  The Sn
4+
 doped TiO2 photoanode based DSSCs, has 
shown an improvement in Voc due to a negative shift of Vfb of TiO2 and enhanced Jsc due 
to the faster electron transport. 
Several studies have been reported on the positive effect of Nb
5+
doping of TiO2 
nanoparticles when applied as the photoanode material of DSSC [4, 5, 7]. Nb
5+
 
incorporation into lattice has greatly enhanced the conductivity of TiO2 resulting in 
higher current densities of DSSC. However, positive shift of Fermi level caused a loss in 
Voc, while increasing the electron injection efficiency, resulting in a significant 
improvement of overall efficiency. Similar observations were made for Ta
5+
 doped TiO2 . 
Liu et al 
113
 observed a positive shift of flat band potential as a result of Ta
5+
 introduction 
into TiO2 lattice. However, larger currents due to higher electron densities in TiO2 
photoanode, are compensated for a slight decrease in Voc. All of these effects resulted in 
conversion efficiency above 8.0 %. On the other hand, Feng et al 
119
 presented the 
synthesis of TiO2 nanowire arrays doped with Ta
5+
 ion for DSSC and a very high open-
circuit voltage of 0.87 V as a consequence of the negative shift of the C.B of TiO2. These 
studies sturdily indicate that the optimized concentration of dopant in TiO2 lattice and its 




6.1.2 Non-metal ion doped titania 
Only a few non-metallic elements such as N or B or N and B had been  successfully 
doped into TiO2 lattice and used as photoanode fabrication of DSSC. N doped TiO2 
photoanodes clearly have shown an improved absorption in a visible region (400 to 500 
nm) resulting in enhanced photocurrents 
115
. It was found that the oxygen atoms were 
substituted for N atoms leading to the formation of O-Ti-N structure in the TiO2 
electrode, which can suppress the recombination of electrons with of I3¯ at the TiO2 
surface. Contrastingly, direct sintering of TiO2 powders in the flow of N2 and NH3 gas 
forming nitrogen doped TiO2. These powder as a photoanode material in DSSC  show 
neither reduced recombination nor improved photovoltages 
109
. However, significant 
increase in photocurrents has lead to overall improvement in efficiency.  Guo et al 
286, 291
 
have synthesized different types of nitrogen doped nanocrystalline  TiO2 using several 
nitrogen sources through wet method. The results showed that the different nitrogen 
dopants affected the surface area and band gap energy of the doped TiO2 electrodes. 
These parameters affected directly the PV performance of the nitrogen doped DSSC. 
Moreover, ammonia as a nitrogen dopant exhibited a higher PV performance than the two 
other nitrogen dopants. Co-doping of N with B had improved the crystallanity of TiO2 




6.1.3 Rare-earth doped titania  
Zhang et al 
289
 have found that La
3+
doping could improve the efficiency of DSSC. The 
improvement was ascribed to more dye absorbed on the surface of TiO2 due to an 






in the TiO2 nanocrystalline photoanode had also shown to improve the performance of 
DSSC as a result of increased currents 
118
. 
From the various studies discussed above, we understand that doping of TiO2 has 
complex effects on PV parameters of DSSC. Irrespective of the choice of metal ion, there 
exists an optimum dopant concentration (often referred as a solubility limit) within the 
TiO2 lattice for achieving the highest conversion efficiency. Further, for a given dopant 
the effect on the PV behavior of DSSC was found to be strongly dependent on the 
method of preparation; N-doping of TiO2 being a good example.  
The aim of the present work was to synthesize Ta
5+
 doped TiO2 nanoparticles with 
variable Ta / (Ta+Ti) ratio to examine its application as a photoanode in DSSC. Until 
now, no reports exist on the detailed study of effect of Ta
5+
 doping on the microstructural 
properties of TiO2 and its photovoltaic performance. In this study the dopant 
concentration was systematically varied from 0 to 4 M. The influence of Ta
5+
 doping of 
TiO2 on its microstructure, electrical properties and its performance as a photoanode in 
DSSC is discussed in detail. It is worth noting that the existing studies show Ta doping 
has two different effects on the PV performance of consequent DSSC. Author also aimed 
to show the consequences of doping of TiO2 is strongly dependent on the synthesis 
conditions. Here, it is emphasized that despite our efforts, the synthetic conditions of soft-
template method to prepare the TiO2 aggregates is not be effective for  the successful 
doping of Ta
5+
. Further, the synthesis methods from literature as listed in Table 6.1 
obviously indicate that the high pressure conditions of the hydrothermal method is vital 








6.2 Experimental procedures 
6.2.1 Synthesis of Ta doped titania  
Initially 1M of titanium (IV) isopropoxide was slowly dropped under continuous stirring 
into the mixture of water and ethanol in the volume ratio of 1:5. After magnetic stirring 
for 0.5 h, a stoichiometric amount of tantalum (V) ethoxide was dropped into the above 
mixture slowly. The reaction mixture obtained as such was stirred for 6 h and was then 
transferred into a 100 mL autoclave and heated at 230 
o
C for 8 h. Following hydrothermal 
treatment, a white slurry sample was obtained and then washed repeatedly using ethanol. 
The white powder thus obtained was dried under vacuum at 110 
o
C overnight. The final 
samples were collected for further characterization. For reference, a sample was prepared 
following the same procedure without adding tantalum source and designated as Ta 0.0. 
The particles with different Ta content are designated as TaX, where X is Ta / (Ta+Ti) 
molar ratio in percent. 
6.2.2 Preparation of screen printable paste 
Screen printable titania pastes were prepared from various powder samples prepared 
according to method TP-3 (section 3.3.3).  
6.2.3 Device fabrication 
DSSC device were fabricated according SP method (section 3.4.2.2). The phtoanodes and 
thermally platinised CE are assembled in to a complete cell following the steps described 
as per DA-2 (section 3.4.7) employing electrolyte B (Table 3.3) 
6.2.4 Structural characterization of photoanode films 
The Ta content in the samples was determined with the aid of an inductively coupled 




investigated with powder X-ray diffraction, PXRD (Shimadzu, Japan) measurement 
using Cu K  (λ= 0.154056 nm). FESEM (Jeol JSM-7000F) was used to study the 
morphology of the films. The thickness of TiO2 layers was determined by profilometry 
measurement made using an Alpha-Step IQ surface profiler. The electronic structure and 
chemical state of the TiO2 electrodes were investigated by means of X-ray photoelectron 
spectroscopy (XPS), using Sigma Probe (VG Scientific) with Al K .  X-ray radiation was 
maintained under a base pressure of 10
-10 
Torr. The binding energies were calibrated with 
a reference to C 1s peak at 284.60 eV. Nitrogen adsorption isotherms were measured at 
77 K on Nova 2200e surface area and pore analyzer (Quanta chrome, USA). Prior to the 
measurement, all the samples were out-gassed at 130 
o
C overnight. The specific surface 
area was calculated from nitrogen adsorption isotherms in the relative pressure range of 
0.05-0.30. The total pore volume was estimated from the amount of gas adsorbed at a 
relative pressure of ~ 0.99. The pore size distributions were calculated from desorption 
isotherm using BJH method. The dye adsorption was examined using the Shimadzu 1800 
UV-Vis spectrophotometer by measuring the absorption spectra of the desorbed-dye 
solution in a 0.1M NaOH aqueous solution.  
The Fermi level potential and donor density of the screen printed TiO2 films were 
analyzed by impedance spectroscopy using an impedance spectrum analyzer (Auto lab, 
PGSTAT302N) equipped with the Nova software. In the present work, the measurements 
were performed by applying a sinusoidal potential perturbation with a small amplitude 
(10 mV), superimposed on a fixed d.c potential that varies within an appropriate potential 
window of -1.0  to 0 V (vs Ag/AgCl) in 3M KCl (Metrohm, Netherlands). The films had 
an active area of 1 cm
2




an insulating resin to avoid short-circuiting. The electrical contacts were made by 
soldering copper wires on to the FTO. 
6.2.5 IMPS, IMVS and EIS characterization  
EIS measurements were carried out under different illumination levels (Global AM 1.5) 
using a potentiostat equipped with a frequency response analyzer (Auto lab, 
PGSTAT302N). The light source was the same as that in the cell performance test. The 
frequency range is from 100 kHz to 50 mHz and a potential modulation of 10 mV was 
used. A potential bias equal to Voc was applied. The obtained impedance spectra were 
analyzed using Z-view software with appropriate equivalent circuits. The electron 
transport times at short circuit were measured by IMPS and the electron recombination 
times at open circuit were measured by IMVS. For these measurements, the DSSC were 
probed through photo anode side by a frequency response analyzer using a light-emitting 
diode (LED, 523 nm) as the light source. The dc component light intensity was 
superimposed with a small a.c component (10 % or less of the dc component), in the 
frequency range of 1 kHz -0.1 mHz and the d.c light intensity was varied from 0.1 to 15 
mW.cm
-2
. The light intensity was measured using a calibrated Si-photodiode. 
6.3 Results and Discussion 
The Ta content in the TiO2 nanoparticles was determined using inductively coupled 
plasma mass spectroscopy (ICP-MS). The quantitative results, listed in Table 6.2, agree 
closely with the doping levels expected from the synthesis procedure. The large 
differences in the expected and measured Ta content at higher concentrations is to be 





Table 6.2 Ta content in the TiO2 nanoparticles as determined using ICP-MS measurement:  








6.3.1 Structural changes by Ta doping 
The PXRD patterns of the Ta doped titania (Ta-TiO2) samples are shown in Figure 6.1a. 
Only the diffraction lines of anatase (ICDD PDF 21-1272) can be seen. From the Figure 
6.1b, it is clear that, an increase in Ta content leads to XRD peaks of (004) and (200) 
reflections, shifting towards smaller 2θ angles indicating the expansion of lattice due to 
incorporation of Ta
5+
 ions into TiO2 lattice. The cell parameters a- and c- axes of the 
anatase calculated by Rietveld refinement (see appendix A, Figure A1) and their 
dependence on X are depicted in Figure 6.1 c. Further, the variation in lattice parameters 
corresponding to the elongation of the a- and  c- axes are observed which could be due to 
replacement of Ti
4+
 ions (74.5 pm) by slightly larger Ta
5+
 ions (78 pm). This indicates 
that the Ta
5+
 ions act as substitutional impurity. A linear evolution of lattice parameters 
with „X‟ testifies to the successful substitution of Ta5+ ions in the TiO2 lattice according 
to Vegard‟s law 112.  In the case of metal oxides there is a critical value of dispersion 
capacity within the host matrix, at lower concentration than which the dopant become 
highly dispersed in the host lattice without formation of any additional crystalline phase. 
Since no characteristic XRD peaks corresponding to Ta species is present, it can be 
concluded that the Ta loading is well below the dispersion capacity. However, deviation 
from linearity above X ≈ 3 indicates the solubility limit in accord with the large  
Expected X 
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Figure 6.1 PXRD patterns of various Ta-TiO2 films (a), magnified images of (004) and (200) 
crystal planes (b) and the dependence of lattice parameters on X (c). Note here that the reported 
the dopant concentration is successfully introduced in the lattice as determined by ICP-MS.   
 
discrepancy between the observed and the nominal compositions of Ta (see Table 
6.2).The refined lattice cell parameters are a = 3.7896±0.0003 Å and c = 9.4988±0.0008 
Å for the undoped TiO2 (Ta 0.0). This is in good agreement with the values reported in 
the literature 
257
. The incorporation of Ta
5+




both directions. For a comparison, the parameter refined for Ta 2.0 sample attains a = 
3.793±0.0008 Å and c = 9.503±0.0006 Å. Here after, we discuss the effect of tanatalum 
doping on various properties of TiO2 by a comparison between the undoped TiO2 and 2.0 
M tantalum doped TiO2 which is identified to be the optimum doping level in this study. 
Figure 6.2 shows the TEM, SAED and HRTEM micrographs for the samples Ta 0.0 and 
Ta 2.0. In TEM pictures it is observed that the materials were formed of roughly 
spherical nanocrystalline particles. The calculated lattice spacing in HRTEM image 
corresponds to anatase TiO2, thus confirm that all particles possess an anatase structure. 
The corresponding lattice fringes are clearly seen in SAED images, indicating that TiO2 
nanoparticles are formed with good crystallinity. The measured interplanar spacings are 
0.349 nm and 0.352 nm for Ta 0.0 and Ta 2.0 respectively.  Both correspond to (101) 
plane of anatase and the lattice spacing of Ta 2.0 is higher than that of Ta 0.0.  This 
clearly indicates that the Ta
5+
 has been incorporated into TiO2 lattice as a substitutional 
 





dopant which could lead to an increase in the observed spacing between the (101) lattice 
planes of the anatase phase.  
Figure 6.3 a & b show the representative XPS survey scans of Ta 0.0 and Ta 2.0. The 
survey spectrum of Ta 2.0 shows the characteristic tantalum, titanium, oxygen and carbon 
peaks. The noticeable C peak observed in the XPS spectra of both the pure TiO2 and 
Ta/TiO2 nanoparticles corresponds to the carbon tape of supporting film during the 
sample preparation. The evolution of peaks of Ta in all the samples except for Ta 0.0 (see 
Appendix A, Figure A2); indicates the successful doping of Ta into the anatase matrix. 
To ascertain the above fact, we recorded the core level B.E spectra of Ti, O and Ta. The 
XPS core level binding energy spectra of Ta 4f, Ti 2p and O 1s in two representative 
samples Ta 0.0 and Ta 2.0 is shown in Figure 6.3 c-h. Figure 6.3 c & f shows the XPS 
core level binding energy spectra of Ti 2p in Ta 0.0 and Ta 2.0. The spectrum (Figure 6.3 
f, g) revealed two peaks  at 458 and 464 eV, with spin-orbit splitting of 5.6 eV  
corresponding to Ti 2p3/2 and Ti 2p1/2 respectively 
292
, indicating the presence of titanium 
in the oxidation state of Ti
4+
 and it binding to oxygen. The dominant peak at 530 eV 
(Figure 6.3 d, g) corresponds to O 1s while a shoulder at 530.7 eV, is characteristic of 
surface hydroxide respectively 
292
. No characteristic peaks corresponding to Ta were seen 
in Ta 0.0 (Figure 6.3 e ), while in case of Ta 2.0, the two peaks at 26.2 eV and 28.0 eV,  
correspond to Ta 4f7/2 and Ta 4f5/2 respectively with spin-orbit splitting of 1.8 eV  
293
. 
This signifies that the Ta
5+
 ion was substituted at Ti
4+
 sites. The verification of Vegard‟s 




 in the lattice. For 
brevity, we label the samples doped with Ta
5+






Figure 6.3  XPS survey scans of Ta 0.0 (a) and  Ta 2.0 (b); Typical deconvoluted profiles of Ti2p 
and O1s spectra for the untreated TiO2 (c, d) and Ta 2.0 (f, g).  A typical 4f spectrum for both the 





         Figure 6.4 FESEM images of photoanode films based  on Ta 0.0 (a)  and  Ta 2.0 (b)   
 
The FESEM micrographs of the undoped TiO2 and 2.0 M Ta doped TiO2 electrodes are 
shown in Figure 6.4. Apparently both the electrodes are porous and exhibit uniform 
morphological features. Thus, doping of Ta
5+
 into TiO2 lattice has no obvious influence 
on the morphology of TiO2.   
6.3.2 Effect of Ta
5+
 doping on surface areas and porosity 
The nitrogen sorption isotherms and BJH pore size distribution plots (inset) of Ta 0.0 and 
Ta 2.0 films are shown in Figure 6.5. According to the IUPAC notation, a material with 
pore diameters in the range 2 - 50 nm lies in the mesoporous category 
253
. The mean pore 
size of Ta 0.0 and Ta 2.0 are 8.82 nm and 8.80 nm respectively. Both samples exhibit a 
type IV isotherm the characteristic of  mesoporous material with type H2 hysteresis; that 
can be ascribed to capillary condensation in the mesopores 
253
. The high steepness of the 
hysteresis indicates a high order of mesoporosity. The specific surface area of the powder 
samples from scratched films with TiCl4 and without TiCl4, calculated by the multipoint 





Figure 6.5 Nitrogen sorption isotherms and pore size distribution curves (insets) of Ta 0.0 (a) and 
Ta 2.0 (b) films treated withTiCl4  
 
Table 6.3 Textural properties of undoped and Ta
5+













/  % 
Ta 0.0 128(137) 8.82 (11.94) 62.77  (68.71) 
Ta 0.5 121 (126) 8.88 (11.62) 62.77 (69.46) 
Ta 1.0 111 (125) 8.78 (11.41) 63.31 (67.92) 
Ta 2.0 110 (120) 8.80 (11.00) 65.77 (67.52) 
Ta 3.0 107 (113) 8.82 (11.60) 61.65 (67.10) 
Ta 4 .0 104 (103) 8.61 (12.10) 64.82  (67.52) 
 
†
The values in the paranthesis corresponds to films not treated with TiCl4. The porosities can be calculated 
by using the equation 
253
: P = Vp/(q
-1




) and q 
is the density (3.92 g.cm
-3
) of anatase TiO2. 
 
 
The surface area was decreased with increasing the concentration of Ta, due to an 
increase in the crystal size owing to lattice expansion as described previously. The pore 




with TiCl4, because an ultra thin film of 3-4 nm is formed on the nanoparticle surface 
during TiCl4 treatment, which reduces noticeably the electrode‟s surface area. The 
decrease in pore size after  TiCl4 treatment is resulted from pore clogging upon deposition 
of  an ultra thin TiO2 layer  
253
. 
The values of pore sizes and porosity of all the samples are nearly same, signifying that 
the Ta
5+
 doping does not have any effect on the porous structure of the photoanode films. 
6.3.3 Mott-Schottky analysis  
Mott-Schottky (M-S) analysis can be used to determine the flat band potential (Vfb) and 
the majority carrier density (Nd) in semiconductors. When a semiconductor is in contact 
with an electrolyte, the Fermi level in semiconductor equilibrate with the chemical 
potential of electrolyte causing the flow of majority carriers to the semiconductor-
electrolyte interface (SEI), resulting in band bending in the near-surface region. The 
separation of charge results in a measurable capacitance as a function of electrochemical 
potential giving the well known Mott-Schottky relationship 
294
: 
    
  
        
         
  
 
                                                                                                         
where ε is the relative dielectric constant of the semiconductor (for TiO2, ε = 55.55), εo is 




), Nd is the carrier concentration, A is the 
area of the SEI, Va is the applied potential. k is the Boltzmann constant, T is the absolute 
temperature and e is electronic charge (1.6×10
-19
 C).  
The flat-band potential, Vfb is the electrochemical potential at which there is no band 
bending, ideally a constant Vfb = −EF/e , where EF is the Fermi-level in the 




the term kT/e is 0.026 eV, and was insufficient to influence the original value; hence the 
Equation 3.1 can be briefly summarized to the following: 
     
  
        
                                                                                                                 
Thus, by plotting C
−2
 as a function of the applied potential Va, the flat-band potential can 
be determined by the intercept of the curve with the potential axis and the donor density, 
Nd can be determined from the slope of the curve. However, two assumptions need to be  
satisfied for applying the above relationship 
294
. The first is that the capacitance is 
assumed to be the space charge capacitance and the contribution of the double layer 
capacitance to the total capacitance is negligible because the space charge capacitance is 
much smaller (2-3 orders of magnitude) than the double layer capacitance. The second is 
that the equivalent circuit is a series combination of a resistor and a capacitance. 
In order to determine effect of Ta
5+
 doping on the band edge, we obtained the flat-band 
potentials for each electrode material by using potentio-dynamic electrochemical 
impedance spectroscopy at a frequency of 1 kHz with 0.5M Na2SO4 (aqueous). The 
dissolved oxygen in the solution was de-aerated by purging with Ar gas for a fixed time. 
Figure 6.6 a and b shows a typical TiO2 electrode fabricated and experimental set up used 
for M-S analysis. Figure 6.6c present M-S plots for pure TiO2 and various Ta-TiO2 
electrodes. For a good comparison all sets of the data points from 0 to -0.4 V were fitted 
and extrapolated to potential axis to estimate the Vfb and the slopes were used to calculate 
the charge carrier concentration. It is obvious that the undoped TiO2 possesses the least 
negative flat band potential of about 0.685 V (vs. Ag/AgCl). As Ta
5+
 concentration 
increases, the flat band potential of Ta
5+ 








Figure 6.6  Typical TiO2 electrode configuration used (a), three electrode experimental set up (b), 







 concentration in TiO2, free charge carrier density also increases 
(Figure 6.6d).  This could be understood by considering the consequences of tantalum 





          
        
                
            





In the present synthetic conditions (high oxidative environment and low molar 
concentrations of tantalum), the cations would be maintained in their higher oxidation 
state. Infact, our XPS results also signifies that tantalum is in Ta
5+
 oxidation state. In such 
case, the charge compensation of Ta
5+
 in substitution to Ti
4+
 is achieved by the release of 
an electron into the lattice. In summary, doping of TiO2 with Ta
5+
 with higher valence 
than the host cation, Ti
4+
, increases the concentration of electrons in the C.B. Thus, 
lowering of the work function or an upward shift of the Fermi energy level is also 
expected and consequently, a negative shift of the flat band potential is observed. Similar, 
observations are also made by Kyriaki et al 
295
 for Ta-TiO2. 
6.3.4 Effect of Ta
5+
 doping on PV performance  
The IPCE spectra of DSSC devices using the undoped and Ta-doped (0 - 4 M) TiO2 
films, treated with TiCl4 are shown in Figure 6.7 a. The maximum IPCE was around 54 
% for the undoped TiO2 (TiCl4), but it was improved significantly by the Ta
5+
doping. 
IPCE is expressed by the product 
32
  
IPCE (λ) = LHE (λ) Φinj ηcc                                                                                                                                          (6.4)                                                                                                                                       
where LHE (λ) is the light-harvesting efficiency for photons of wavelength λ, ηinj is the 
quantum yield for electron injection from the excited sensitizer into the C.B of TiO2 
semiconductor oxide, and ηcc is the charge collection efficiency. All these parameters 
presented in the above order depends on the amount of dye in the film, the driving force 
for electron injection i.e. the energy difference between the LUMO of the dye and the 






Figure 6.7 IPCE graphs (a) and corresponding (b) J-V curves for undoped and Ta-TiO2 films 
treated with TiCl4  
 
Despite the lowering of dye loadings and reduced driving forces (due to upward 
movement of Fermi level) in Ta-TiO2 based DSSC, the IPCE shows an increasing trend 
until 2 M doping of Ta
5+
. This is probably as a result of dominant charge collection 
efficiencies due to enhanced electron transport in Ta
5+
 doped electrodes. However, at 
higher dopant levels, a decrease in LHE (low dye load owing to lower surface area) and 
high recombination has led to a fall in IPCE. The higher IPCE values of TiCl4 treated 
electrodes than untreated electrodes (Appendix A, Figure A3a) are attributed to improved 
LHE (high dye loading) and charge collection efficiencies by the surface TiO2 layer. 
Figures 6.7b compares the J-V characteristics of various DSSC after TiCl4 treatment and 
the performance parameters are summarized in Table 6.4. Under simulated AM1.5G solar 
light (100 mW.cm
-2
) the DSSC based on Ta-TiO2 exhibited higher PV performance than 




Table 6.4 Detailed PV parameters of DSSC based on undoped and Ta
5+
 doped TiO2 electrodes 
under simulated AM1.5G solar light (100 mW cm
-2
). The cells were covered with black mask 









































































































gradually with increasing the amount of Ta
5+
 up to 2.0 M. The increase in Jsc could be 
due to enhanced electrical conductivity of Ta-TiO2 samples. On the other hand, Voc 
changed significantly in a similar manner. Obviously, the negative shift of the C.B caused 
by the Ta
5+
 doping is responsible for this. The DSSC based on Ta 0.0 displayed a Voc of 
757 mV, which is 42 mV lower than that of Ta 2.0 cells. In consequence, a η of 6.67 % 
was achieved for a DSSC based on Ta 2.0, which is 18 % higher than that of Ta 0.0. For 





 introduces higher number of defect sites  which may trap or scatter 




This conclusion is supported by a notable decrease in FF of Ta-TiO2 based DSSC. Other 
possible reasons for decreased Jsc and Voc at higher dopant levels could be the low dye 
loading, in turn less concentration of electrons in C.B of TiO2.  The DSSCs based on 
untreated TiCl4 electrodes also show the similar trends but with lower PV 
performance(s). The enhanced Jsc and Voc after TiCl4 treatment is attributable to improved 
inter-particle connectivity and surface curing caused by thus formed ultra-thin surface 
TiO2 layer 
11
. To account for the trends noted in J-V results, we measured the electron 
conductivities in TiO2 electrodes, band edge shifts and quantified the recombination time 
constants using IMPS-IMVS and EIS. 
6.3.5 Effect of Ta
5+
 doping on band edge movement, electron transport and 
recombination 
 
6.3.5.1 IMPS - IMVS study 
Figure 6.8 a depicts the dependence of Voc on ln (Q) of DSSC with undoped and Ta
5+
 
doped TiO2 at open circuit. The Q is obtained using the following expression 
139
: 
                                                                                                                                                
where Jsc is the measured current density at short-circuit ( equals to the charge-injection 
current into TiO2), τr is the electron life time at open-circuit and RF is the roughness 
factor of the  TiO2 electrode which is the ratio of TiO2 surface area to cell area. The 
change of Voc under different Q is attributed to the band-edge shift for TiO2 and Ta-TiO2 
sample within DSSC. It is clear from Figure 6.8a that doping of TiO2 with Ta
5+
 results in 
higher Voc, indicating the negative shift of C.B edge. This observation is in accord with 
the results obtained from M-S analysis (Section 6.4).  However, at higher doping level 
i.e. 3 and 4 M of Ta
5+





Figure 6.8 Dependence of   Voc on surface charge density (a), variation of diffusion coefficient 
(b), electron life time (c) and charge collection efficiencies (d) as a function photocurrent 
densities 
 
Similar, observations can be made in DSSC with electrodes not treated with TiCl4 
(Appendix A, Figure A4). The values of slope of from linear curve fitting of Voc vs. lnQ 
plots are in the range 0.32-0.24. The slopes values decrease from 32 mV for Ta 0.0 to 24 
mV for Ta 2.0. Thus, it could be concluded that charge recombination occurs via C.B in 
Ta-TiO2 samples.  Note that in normal TiO2, recombination occurs principally via surface 
states, in which case slopes of Voc vs. ln Q, are expected to be higher than 27 mV 
139, 296
. 
But, the incorporation of Ta
5+
 into TiO2, introduces sub-band states below C.B, which 




more negative potentials, the rate constant for recombination via C.B  increases 
ashypothized  by Frank et al 
139
. These observations, thus justifies lower electron life 
times (and low FF) of Ta-TiO2 samples compared to undoped samples as shown in 
Figure 6.8c.  
The Jsc dependence of the electron diffusion coefficients (De) of DSSC made with 
undoped TiO2 and Ta
5+
doped TiO2 is shown in Figure 6.8b. The value of electron 
diffusion coefficient increases linearly with the current density. The electron diffusion 
coefficient in a Ta
5+
 doped TiO2 was much higher than that in TiO2 over all photocurrent 
densities measured; this signifies that electron transit times are smaller in Ta
5+
 doped 
TiO2. The diffusion coefficients increases with increasing the concentrations of Ta
5+
 up 
to 2.0 M and decreases thereafter. At highest current density, the diffusion coefficients in 
Ta 2.0 were 3-fold higher compared to Ta 0.0, while the difference increased to 5-fold as 
current density decreases. This implies that that Ta
5+
 doping of TiO2 could augment the 
electron transport in TiO2 which can be attributed to the enhanced electron conductivities, 
which can be measured from the electron transport resistance measurement using EIS of 
corresponding DSSC. These results are presented in the next section.   
The competition between electron recombination and electron transport is evaluated in 
terms of charge collection efficiencies, ηcc = 1-(      ;    and    being the electron 
transit and recombination times respectively. It is interesting to note the trends in charge 
collection efficiencies, ηcc as illustrated in Figure 6.8d. For a quick comparison, the data 
points representing Ta 0.0 and Ta 2.0 based DSSC are joined by dashed lines as guide for 
eyes. The charge collection efficiencies for Ta 2.0 based DSSC remain almost constant 




Ta 0.0. Higher value of ηcc at all the intensities for Ta 2.0 based DSSC could be due to 
reduced electron transport resistance owing to enhanced conductivities thereby 
minimizing the recombination events before they are collected.  The higher ηcc therefore, 
accounts for higher PV efficiencies recorded under AM 1.5G conditions. 
6.3.5.2 EIS study  
In order to investigate the effect of Ta
5+
 doping of TiO2 on the electron transport 
properties of the cells made using pure TiO2 and various Ta-TiO2 samples were 
characterized by EIS. EIS spectra were performed under illumination provided by a green 
LED of wavelength 523 nm, while the cells are biased at different potentials in the 
frequency range 1 MHz to 100 mHz.  Using Z-view software, the measured EIS spectra 
were fitted using transmission line model developed by Bisquert et al 
267, 268
 for DSSC 
utilizing the I¯ / I3¯ redox couple. Employing the equivalent circuit (section 3.5.3.2), the 
main elements representing electron transport and recombination in the TiO2 electrode 
such as electron transport resistance Rt through the TiO2 network, recombination 
resistance Rr at the TiO2/electrolyte interface, and the TiO2 chemical capacitance Cμ were 
extracted from the frequency dependent response to a small perturbation in the applied 
potential as a function of the applied bias voltage.  
Using the geometrical parameters given in the Table 6.3 and Rt values obtained from EIS, 




   
 
         
                                                                                                                                   




The additional physical parameters, Rr and Cµ extracted from equivalent circuit fitting 
were normalized, to remove the differences due to physical dimensions of the separate 
solar cells so as to enable a reasonable comparison of the capacitances and resistances for 
photoanodes of differing thickness or porosities etc 
269
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Figure 6.9 a and b present a comparison of curves for conductivity vs. potential of the 
cells made with TiO2 and Ta-TiO2 under illumination and in dark . The Ta-TiO2 devices 
exhibit higher conductivities at a given potential implying that Ta
5+
 doping of TiO2 can 
enhance the electronic conductivity of the solar cells. In both conditions, Ta 2.0 exhibits 
highest conductivities. The multiple trapping model proposed by Bisquert et al 
297
 was 
widely followed to understand the electron transport in TiO2 interconnected network, 
according to which the electron conductivity is independent of the number of traps 
298
. 
This is because σe relates only to the steady-state transport and reflects the rate of 
displacement in the transport band.  Thus, the conductivity can be expressed as a function 
of the difference between EFn and Ec, according to following equation: 
σ   σ       
      
   
                                                                                                                 
For a DSSC, the bias potential, V relates to the electrochemical potential of the electrons 
(or the quasi-Fermi level of electrons in TiO2 EFn), V = (EFn - EF0)/e, where e is the 
elementary charge and EF0 is the Fermi-level at V = 0 which equals to Eredox of I3¯/I¯ 





Figure 6.9 Impedance spectroscopy results for TiO2 compared to Ta-TiO2 based DSSC: 
electronic conductivities under illumination (a), electronic conductivities in dark (b), chemical 
capacitances normalized to volume (c) and charge recombination resistances normalized to 
volume (d) 
 
For a given cell, under investigation, the potential of  I3¯/I¯ redox couple is constant for 
all the  cells, therefore,  following above relation, it is explicable that the rise in the C.B 
edge as result of Ta
5+
 doping would elevate the conductivities 
269
.  
Figure 6.9 c shows the chemical capacitance of cells based on bare TiO2 and various Ta-
TiO2 electrodes. By careful observation of the variation of the plots, it can be seen that 
the capacitance increases with voltage exhibiting an exponential behavior according to 






   
   
   
                                                                                                                        
where NL is the total number of electron trap states below the conduction band and α is a 
factor that describes the distribution of the tarp states, generally known as traps. It is 
clearly seen that Ta
5+
 doping of TiO2 significantly influences the value of capacitance. 
The trends in variation of capacitance with applied bias indicate that the voltages of Ta-
TiO2 cells are higher than that of undoped TiO2. In a comparison, the data for cell Ta 2.0 
are shifted by 47 mV from that of Ta 0.0. This shift by 47 mV can be attributed to a shift 
in C.B edge of TiO2, Ec, negatively for Ta 2.0 and it is in quite agreement with observed 
higher Voc (+ 42 mV) found for this sample.  The differences in the slopes of Cµ-V plots 
suggest the small differences in the tail band distribution of electrons below the 
conduction band as a result of Ta
5+
 doping. From the Figure 6.9c, we also find that higher 
the slope, better the efficiency.   
As shown in Figure 6.9d the recombination resistance follows exponential variation with 
applied bias according to the following relation: 
                                                                                                                                
In the above equation, R0 is a constant indicating the onset of recombination and β is the 
recombination coefficient a factor governing the charge-transfer losses from TiO2 to I3¯ 
ions in the electrolyte. The recombination resistances of Ta-TiO2 samples were smaller 
than that of undoped TiO2, supporting the lower FF‟s of respective DSSC. Consequently, 
electrons are relatively short-lived in former, however due to large conductivities these 
cells still produces higher efficiencies. In terms of PV performance, transport and 




For given system of dye, electrolyte and photoelctrode the efficiency strongly depends on 
the thickness of TiO2 film in the electrode. Thus, it is essential to optimize the thickness 
to foresee the maximum efficiency attainable. From now on, we choose the samples Ta 
0.0 and Ta 2.0 and their performances in DSSC are optimized with respect to the 
electrode thickness. 
6.3.6 Effect of photoanode thickness: Optimizing the PV performance 
The thickness of TiO2 film is one of the crucial factors to the cell conversion efficiency, 
since insufficient TiO2 would not adsorb enough dye and thus the cell would not absorb 
sufficient light resulting in low photocurrents. Hence, increasing the thickness of TiO2 
films leads to an increase in photocurrents. On the other hand, increasing thickness 
promotes the electron recombination because the electron transport lengths are extended. 
Thus, optimal thickness has to be determined in order achieve the best efficiency for a 
given DSSC system. Figure 6.10 shows the effect of thickness of TiO2 film on the PV 
parameters viz. Jsc, Voc, FF and η for cells made from samples Ta 0.0 and Ta 2.0.  We 
observe a gradual increase in Jsc for both the cells up to 15 µm and almost remain 
unchanged with further increase. This is mainly due to increase in amount of dye 
adsorbed in the film by which more light can be absorbed. Note almost a linear increase 
in the amount of dye with up to 15 μm as shown in inset of Figure 6.10 a. This result 
clearly shows that for both films beyond 15 μm the dye cannot be utilized effectively 
anymore. Further, an increase in thickness would provide more TiO2 surface area and 









species have to diffuse through the congested and tortuous mesoporous network. Both 
these effects lead to an increase in the dark current (or recombination current) which will 
lower Voc according to the following equation 
11
: 
     
   
 
    
   
  
                                                                                                                       
where n is the ideality factor whose value is between 1 and 2 for the DSSC and I0 is the 
dark or reverse saturation current. Thus, high dark currents in thicker films would lead to 
the loss in Voc   and also FF at a given temperature as illustrated in Figures 6.10 b and c.    
The efficiency of a DSSC depends collectively on Jsc, Voc and FF. As discussed so far 




exists an optimum TiO2 thickness where efficiency reaches its maximum. As depicted in 
Figure 6.10d, the efficiency of DSSC initially raises up to 15 µm and decreases 
thereafter. Both the cells show maximum efficiency of 9.10 % and 7.23 % for Ta 2.0 and  
Ta 0.0 respectively around 15 µm.   
6.3.7 Comparison of band edge shift, electron transport and recombination in 
thicker photoanodes  
 
As presented in the previous section, Ta
5+
 doping of TiO2 has resulted in remarkable 
efficiency of about 9.0 %, at optimized thickness of photoanode. To elucidate, factors 
responsible for such higher performance we have evaluated the charge collection 
efficiencies using IMPS-IMVS and EIS. All the measurement conditions were same as 
mentioned in sections 6.3.5.1 and 6.3.5.2. In Figure 6.11a we show the dependence of 
photovoltage as a function of surface charge density. It is apparent that the voltages for 
DSSC with Ta 2.0 are more negative compared to the voltages of Ta 0.0 based devices as 
noted previously for devices consisting of thinner electrodes. Even in thicker films (~ 15 
µm) the electron diffusion coefficients of DSSC with Ta 2.0 are higher by 3 orders while 
compared to cells with Ta 0.0 (Figure 6.11b). As discussed earlier the incorporation of 
Ta
5+
 into TiO2 lattice, free electrons are released which would lead to increase in the 
electronic conductivity of TiO2. Hence, we can expect shorter electron transport times, 
resulting from the faster diffusion of photogenerated electrons. In Figure 6.11c, we note 
that the electron life time of devices with Ta 2.0 is lower compared to those with Ta 0.0, 
over the measured range of current densities. Because, Ta
5+
 doping of TiO2 increases the 
trap state distribution which acts as an additional recombination channel and will 





Figure 6.11 Results of IMPS-IMVS measurements: Voc vs. lnQ (a); diffusion coefficient (b), 
electron life time (c) and charge collection and diffusion lengths (d), as a function of 
photocurrents  
 
Surprisingly, in the low current regime the electron life time in Ta 0.0 based cells is  
longer by only an order when compared to Ta 2.0 based cells, . As we observe from 
Figure 6.11 a, the Voc of the later is 0.494 V (vs. 0.598 V for Ta 2.0) which is too low, 
thus the EFn would be very close to EF0 of  I3¯/ I¯ redox couple, subsequently the 
recombination of electrons with I3¯ species increases rapidly. As a consequence, a low 
electron life time is noted for Ta 0.0. A fairly comparable electron life time combined 
with much higher diffusion coefficient for Ta 2.0 devices, gives high charge collection 




calculated diffusion lengths, Le for Ta 2.0 based DSSC, two times higher than those for 
Ta 0.0 based DSSCs and remains almost similar over the range of current densities 
measured.   
Figure 6.12 shows the extracted characteristic data by fitting the EIS spectra of the Ta 0.0 
and Ta 2.0 based DSSC. The conductivity is calculated from Rt using Equation 6.5. Here, 
data extracted from the impedance analysis reveal higher electron conductivities through 
Ta 2.0 films (Figure 6.12a), indicating fast electron transport through these devices. The 
chemical capacitance, Cμ contributed by the electronic states shows an exponentially 
increase with the increase of the applied voltage (Figure 6.12b).  
 
 
Figure 6.12 Plots of electronic conductivity (a), normalized chemical capacitance (b), and 





The chemical capacitance in Ta 2.0 photoanodes is lower than that of Ta 0.0, suggesting 
that less number of electrons being trapped since the transport resistance in the former is 
lower.  The interfacial electron recombination resistance is compared at the same density 
of states; to represent the changes in Rr at a constant Cμ. Plots of Rr vs. Cμ of all the cells 
show that the electron recombination in Ta 2.0 based DSSC is higher. The competition 
between transport and recombination of electrons is reflected in the electron diffusion 
length (Le), which can be expressed as, 
     
  
  
                                                                                                                                                 
where l is the thickness of TiO2 film. Obviously, Ta 2.0 films have longer diffusion 
lengths than Ta 0.0. This result indicates that the charge collection is superior in Ta 2.0 
based DSSC compared to that of Ta 0.0. Especially, in the low voltage region (or low 
illumination levels) the Le values are three times higher which are large enough for 
excellent electron collection. 
6.3.8 Effect of light intensity on PV performance 
Figure 13 a-b illustrate the effect of incident light intensity on photocurrent density and 
photovoltage at short-circuit and open-circuit respectively. As seen in Figure 6.13 a, Jsc of 
both cells increases linearly with illumination intensity (AM1.5G, 0.16 sun or 16mW.cm
-
2
 to 1 sun or 100 mW.cm
-2
). As the intensity increases more photons are observed by the 
dye molecules in the film and more current is generated. The Jsc of DSSC with Ta 2.0 
was obviously higher than the DSSC with Ta 0.0.  The Voc of both the cells increase 




electrons are injected into the C.B of TiO2. Consequently, the concentration of electrons 
in C.B of TiO2 increases, which raises the Fermi-level away from the EF0, results in 
higher Voc. At all the intensity levels, the photovoltages of DSSC with Ta 2.0 are higher 
than the DSSC with Ta 0.0. Indeed, the Ta
5+
 doping caused the C.B of TiO2 to shift 
negatively by about 35 mV in comparison to the undoped samples. It was also well 
established that the FF of DSSC decreases with intensity (not shown here) due to 
increased recombination of electrons in C.B with I3¯ ions in the electrolyte. 
The J-V curves of DSSC using ~15 µm thick films made from Ta 2.0 and Ta 0.0, at 0.16 
sun and 1 sun are shown in Figure 13c. An average overall energy conversion efficiencies 
of 30 cells each,  at 1 sun are 7.23 % ( Voc, 715 mV; Jsc, 14.90 mA.cm
-2
; FF, 69.43 %), 
and  9.10 %  (Voc, 747 mV; Jsc,17.97 mA.cm
-2
; FF, 67.86 %) for  DSSC based on Ta 0.0 
and Ta 2.0 respectively.  Hence, the Ta
5+ 
doping of TiO2 would increase the efficiency by 
26 % at 1 sun. It is very appealing to compare the PV parameters of both the cells at low 
illumination (0.16 sun) which are about 8.20 %  (Voc, 638 mV; Jsc, 2.70 mA.cm
-2
; FF, 
76.49 %) for Ta 0.0 and 11.10 % (Voc, 695 mV; Jsc, 3.36 mA.cm
-2
; FF, 76.27 %) for Ta 
2.0. Under low illumination, Ta
5+
 doping has enhanced the conversion efficiency of 
DSSC by 35 % (vs. 26 %; 1 sun). The large enhancement in the efficiency could be 
attributed to higher charge collection efficiencies or longer diffusion length as discussed 
in the previous section. 
In order to validate the observed remarkable enhancement in the performance of DSSC 
due to Ta
5+
 doping of TiO2, we have fabricated extensive series of 30 cells in total for 
each sample (Ta 0. 0 and Ta 2.0). The conversion efficiencies at 1 sun and 0.16 Sun are 






Figure 6.13 Variation of Jsc (a) and Voc (b) with light intensity; J-V curves measured under 
simulated AM1.5G simulated  light at 1 sun and 0.16 sun for devices with Ta 0.0 and Ta 2.0 (c); 
ICPE spectra of the same DSSC devices (d) 
 
the Figure 6.15. First and second batches, each of ten cells are made on different days 
from the samples synthesized at the same time. Third and fourth batch consist of 5 cells 
for each sample which are synthesized on different days. The average efficiencies of 
DSSC were around 7.23 % for Ta 0.0 and 9.10 % for Ta 2.0 at 1 sun. At 0.16 sun, a large 
number of cells based on Ta 0.0 and Ta 2.0 have shown the efficiency of 8.20 % and 11.1 
% respectively. These observations well support the recorded enhancement in the PV 
performance of DSSC as a result of Ta
5+







Figure 6.14 Histograms showing the number of devices vs the conversion efficiency for a set of 
30 DSSC devices made from Ta 0.0 and Ta 2.0. Efficiency was measured under AM1.5G 
simulated sun light. DSSC fabricated on the same day with same batch of samples (a), DSSC 
fabricated on the other day with same batch of samples (as in „a‟) (b); DSSC fabricated from two 
different  batch of samples on different days (c) and (d).  
 
6.3.9 EIS study under AM 1.5G simulation conditions: Evaluation of ηcc under real 
testing conditions 
 
To elucidate, factors responsible for such higher performance of Ta 2.0 under varying 
illumination conditions, we have evaluated the charge collection efficiencies using EIS 
under real performance testing conditions.  The equivalent circuit as described in chapter 




which are the two critical circuit elements to determine the value of ηcc. The obtained EIS 
parameters and other calculated parameters are given in Table 6.5. 
A smaller transit time τt, was observed at higher illumination intensity for Ta 2.0 due to 
less electrical transport resistance. At 1 sun, τt of Ta 2.0 is smaller than that of Ta 0.0 by 
60 % as shown in Table 6.5. At low illumination i.e. 0.16 sun, the difference in τt of Ta 
2.0 and Ta 0.0 based DSSC is increased to 68 %. This observation corroborates the fact 
that Ta
5+
 doping effectively minimizes the trapping-detrapping events due to enhanced 
electron conductivity and therefore promotes the fast electron transport at low 
illumination intensity. As given in the Table 6.5 the chemical capacitance in TiO2 films 
which gives the total density of free electrons in the C.B of TiO2 and localized electrons  
Table 6.5 The mean electron transit time (τt), The mean electron life time (τr), the chemical 
capacitance (Cµ), and the charge collection efficiency (ηcc) of the DSSC using Ta 0.0 (in the 
parenthesis) and Ta 2.0 photoanodes at optimized thickness, determined by EIS measurements 
under AM1.5G simulated illumination at different illumination conditions 
Intensity 
/ sun 
Rt   
/ Ω 
Rr 













(13.52 ± 0.42) 
 
2.34±0.03 
(2.71 ± 0.07) 
92.90±0.28 






1.30 ± 0.28 
(3.30 ± 0.54) 
 
17.40 ± 2.29 
(19.53 ± 0.65) 
2.11 ± 0.10 
(2.19 ± 0.22) 
92.50 ± 1.36 






2.06 ± 0.19 
(4.45 ± 1.11) 
18.45 ± 1.67 
(24.4 ± 4.68) 
1.98 ± 0.29 
(1.93 ± 0.11) 
88.27 ± 1.61 






3.37 ± 0.62 
(6.95 ± 2.21) 
24.80 ± 1.74 
(31.28 ± 2.59) 
1.56 ± 0.58 
(1.66 ± 0.16) 
87.82 ± 1.58 






4.13 ± 0.09 
(9.75 ± 1.44) 
 
29.62 ± 1.65 
(40.54 ± 2.25) 
1.33 ± 0.18 
(1.49 ± 0.04) 
86.03 ± 0.74 






7.92 ± 0.22 
(18.59 ± 0.38) 
70.10 ± 3.52 
(80.34 ± 5.56) 
0.98 ± 0.21 
(1.23 ± 0.08) 
88.67 ± 0.60 










in the trap states 
111
. The Ta 2.0 cell exhibits smaller capacitance value than the Ta 0.0 
cell. This supports the argument that due to Ta
5+ 
doping less photogenerated electrons are 
captured by the empty trap states in the Ta 2.0 films. 








                                                                                                                                     (6.13)    
The values of ηcc were calculated and are presented in Table 6.5. At 1 sun, the ηcc value 
of the Ta 2.0 cell was markedly larger than that of Ta 0.0 (93 % vs. 87 %). However, the 
ηcc value at low illumination intensity (i.e. 0.16 sun) is significantly larger for the Ta 2.0 
cell relative to Ta 0.0 cell (89 % vs. 78 %). Further, ηcc values for Ta 2.0 cells are around 
90 % over the wide range of light intensity. These results reiterate the fact that Ta
5+
 
doped TiO2 films can maintain efficient electron collection even under low illumination 
conditions. This is mainly due to its low Rt, nearly one order less compared that in 
undoped TiO2. Hence, the enhanced electronic conductivity due to Ta
5+
 doping has 
played a major role in preserving the overall light-to-electric energy conversion 
efficiency at low illumination intensity. 
6.4 Conclusions 
In summary, the Ta
5+
 doped TiO2 were successfully prepared by hydrothermal method 
under optimized Ta content. The best efficiency of 9.10 % was achieved by DSSC with 
2.0 M Ta-doped TiO2, which gave an improvement in efficiency by 17.40 % compared 
with that of the cells based on pure TiO2. The DSSC with Ta
5+
 doped TiO2 were found to 
improve the open-circuit voltage due to the negative shift of Vfb of TiO2 and enhance the 






 doping is shown to significantly improve conversion efficiency of 
DSSC at low illumination intensity. The electron transit time shortening due to Ta
5+
 
doping plays the major role for the high performance. The chemical capacitance data 
obtained from electrochemical impedance spectroscopic analysis supports the argument 
that the Ta
5+
 doping minimizes the localization of photogenerated electrons by trap states. 
As a result, the charge collection efficiency of the Ta
5+
 doped film remains considerably 
high under low-intensity illumination, in which trapping-detrapping is the dominant 
mechanism. These finding pave a new way to tune the band structure of TiO2 and 
improve the electron transport for high performance DSSC. Therefore the Ta
5+
 doped 

















7. Trifluorenylamine Donor Based Organic Dyes for DSSC: 
Optimization of Performance by Device Engineering 
 
7.1 Introduction 
A dye acts as the molecular electron pump in DSSC and its structure influences the light 
harvesting ability as well as the kinetics of charge transfer processes viz. electron 
injection, dye regeneration etc. 
11
 Among the different strategies to enhance the PV 
performance of DSSC the molecular engineering of dyes has been widely practiced. Over 
the past three decades, several families of dyes have been designed to meet the critical 
requirements as highlighted in Chapter 2 and successfully used to sensitize TiO2 in 
DSSC. Among the numerous dyes being tested, the family of organic sensitizers (metal 
free) has become very important from a practical point of view. These organic dyes 
present following key advantages over their counter parts, especially runthenium 
complex dyes:  
1) They have larger extinction coefficients, therefore sufficient light harvesting can be       
      achieved using thin TiO2 films, 
2) With diversity of molecular structures existing, the absorption and electrochemical 
properties of organic dye can be easily tailored which is favorable for the 
optimization of DSSC performance, 
3) Organic dyes do not contain noble metals like ruthenium, thus overall production cost 
is less,  





5) They are environmental friendly.  
However, the advantages of organic dyes are accompanied by certain disadvantages. The 
major demerits include poor inherent anti-aggregation ability, relatively weak spectral 
response in the red and near near-IR light regions and shorter emission lifetimes of their 
excited states than those of metal complexes. Additionally, organic dyes provide 
structural versatility making it hard to propose with a single strategy for dye design 
11
. To 
overcome these problems, remarkable efforts have been made in the development and 
synthesis of new functionalized organic dyes. The progress and current-state-of-art of the 
organic dyes was discussed in detail by Hagfeldt et al 
11
 and Bäuerle et al 
161
. Recently, 
an impressive efficiency of 9.4 % has been achieved 
299
. However, despite the promising 
results obtained so far, Jsc and Voc of organic dye-based DSSC are lower than that of 
ruthenium based dyes. The main drawbacks are the relatively narrow adsorption spectrum 
range, unavoidable dye aggregation on TiO2 surface and unfavorable dark currents 
because of recombination of injected electrons with acceptors in the electrolyte. It is 
therefore important to come up with general strategies to design organic dyes for  DSSC 
in order to achieve high power conversion efficiency (PCE) so that they may compete or 
supersede ruthenium based dyes in future 
11, 161, 300
.  
7.2 Organic D- π -A dyes as efficient sensitizers in DSSC 
Most of the efficient organic dyes investigated in DSSC are based on donor-π bridge-
acceptor (D-π-A) structure due to their excellent photoinduced charge transfer properties. 
Further, with this construction it is easy to design new dye structures, extend the 
absorption spectra and tune the HOMO and LUMO levels. A typical configuration of D-





Figure 7.1 A schematic of D-π-A structure illustrating the electron transfer path upon excitation 
in an n-type DSSC. Reproduced from Ref. 161 
  
(D), a conjugated linker (π) and electron acceptor (A) moieties.  
When a dye is photo- excited, intramolecular charge transfer (ICT) occurs from subunit A 
to D through the π-bridge (linker or spacer). For n-type DSSC, the excited dye injects the 
electron into the C.B of TiO2 via the electron acceptor group. The anchoring group is 
attached on the electron acceptor moiety in an n-type DSSC. In a p-type DSSC the 
anchoring group is attached on the donor moiety. Further, the excited dye captures the 
electron from the valence band of TiO2 (or injects the hole) to complete ICT 
301
.  The ICT 
rate is strongly influenced by electron donating and withdrawing abilities of D and A 
respectively. Henceforth, we discuss the dyes for n-type DSSC that have been 
investigated in present work. Typically, used donors are triphenylamine, 
tetrahydroquinoline, aminocoumarin and indoline units. Most frequently used π-bridging 
moieties contain thiophene units such as oligothiophenes, thienylenevinylenes, or 
dithienothiophene. The carboxyl acid, cyanoacrylic acid, or rhodanine-3 acetic acid 
species are normally used as electron acceptor unit 
11, 161, 302




the properties of the donor, acceptor and conjugated linker to design a molecule with 
desired properties.  Furthermore, a combination of different units is possible. This 
provides an opportunity to synthesize a wide range of dye molecules for constructing 
highly efficient DSSC. Recently, impressive efficiencies in the range 9-10 % have been 
achieved using D-π-A molecular structured organic dye in liquid state electrolyte 303, 304. 
In conjuction with cobalt based redox electrolyte, D-π-A zinc-porphyrin co-sensitized 
DSSC have shown an efficiency of 12.3 % 
9
. In this chapter, we present the optimized PV 
performance of two simple trifluoroenylamine based organic dyes with D-π-A 
configuration. These dyes are received from Prof. Justin Thomas group at IIT Roorkee, 
India.  Figure 7.2 shows the molecular structures of the two dyes, namely JA4 and JA5. 
 
 




The structural design of these molecules includes the following key features: 
1) Both the dyes contain thiopene moiety as π-linker with the difluorenylamine unit as  
      an  electron donor and cyanoacrylic acid as both acceptor and anchor group, 
2) Insertion of thiophene enhances the donor-acceptor interaction by providing a more  
      planar conjugation pathway, 
3) The presence of difluorenylamine based donor in the dyes increases the donor 
 strength, while the elongation of conjugation by insertion of additional thiophene  
 in JA5 increases the electron richness in the conjugation pathway 
161
 and 
4) The extended π-conjugation due to the conjugated linking of D and A ends by a  
 dithiophene unit is expected to enhance molar extinction coefficient and spectral 
response in visible region. Further, the dithiophene linker would block triiodides 
approaching the TiO2 surface for charge recombination 
161
. 
With an aim of optimizing the PV performance of JA4 and JA5 dyes in DSSC, we 
primarily investigated the effect of different dye bath solvents, dye concentration and 
TiO2 film thickness. The good planarity across π–conjugation in these dyes would cause 
undesirable dye aggregation which may lead to intermolecular quenching or back 
reaction of the injected electron. Hence, the aggregation effect of the two dyes was 
carefully investigated. The aggregates are formed during dye adsorption in the bath 
solution and the types of solvents or coadsorbent have a significant influence on the dye 
adsorption as well as its aggregation. In this work, dichloromethane (DCM) and 
tetrahydrofuran (THF) were used as the bath solvents and chenodeoxycholic acid 
(CDCA) as the coadsorbent to control the dye aggregation. The JA5 based DSSC shows 




CDCA coadsorbtion.  IMPS-IMVS and EIS measurements show that the apparent 
electron lifetime of JA5 based DSSC are longer by 1-2 orders than that of JA4 based 
DSSC before and after CDCA coadsorption. It is demonstrated that the insertion of an 
additional thiopene unit in π–conjugation can significantly reduce the electron 





findings prove that a minor modification in the molecular structures of D-π-A organic 
dyes can significantly affect their PV performance. 
7.3 Experimental Procedures 
7.3.1 Optical characterization of dyes 
The absorption spectroscopy was used to determine the U-V, visible absorption 
properties of the dyes both in solution and adsorbed on TiO2 film. The spectra were 
measured using a Shimadzu SolidSpec-3700 UV-Vis-NIR spectrophotometer. A pair of 
1x1 cm quartz cuvettes is used while recording the spectra of dye solutions. Absorbance 
(A) at different wavelengths (λ) was recorded automatically by the software. 
The molar extinction coefficient (ε) is a very useful parameter for comparing spectra of 
different dye solutions and the relative strength of light absorbing functions. ε is defined 
as Equation 7.1: 
   
 
   
                                                                                                                                                    
Where, C is the dye concentration (mol.) and l in cm, is the optical path i.e. length of the 




7.3.2 Electrochemical characterization of dyes 
Electrochemistry provides information about the dye ground state oxidation potentials. 
The cyclic voltammograms were measured with a three-electrode electrochemical cell on 
a potentiostat / galvanostat PGSTAT30 electrochemical analyzer with platinum and 
Ag/Ag
+
 (0.01 M AgNO3 + 0.1 MTBAP) in acetonitrile as counter and reference 
electrodes, respectively. The supporting electrolyte was 0.1 M LiClO4 in acetonitrile. The 
potential of the reference electrode is 0.49 V versus normal hydrogen electrode (NHE) 
and is calibrated with ferrocene immediately after the cyclic voltammogram 
measurement.  
7.3.3 DSSC fabrication 
TiO2 paste was prepared according to method TP-3 (see chapter 3, section 3.3.3) using 
mesoporous TiO2 aggregates. TiO2 films were fabricated by SP technique as described in 
section 3.4.2.2. The device assembly was according to DA-2 method employing 
electrolyte B (refer to section 3.4.7). 
7.3.4  IMPS-IMVS and EIS measurements 
IMPS- IMVS, EIS measurements were carried out using a frequency response analyzer 
(Potentiostat, Autolab), which was used to drive a blue light emitting diode (LED, 523 
nm). For IMPS-IMVS, the LED provided both the dc and ac components of illumination. 
The light intensities were modulated (5%) by modulating the voltage applied to the LED 
with sinus waves in the frequency range from 1 kHz to 100 mHz. For EIS, the dc light 
intensity ranged from 20 to 100 mW.cm
-2
. The EIS of the cells was recorded in the 
frequency range being 100 kHz - 50 mHz and a.c potential with amplitude of 10 mV was 




7.4 Results and Discussion 
7.4.1 Optical and electrochemical properties 
 
Figure 7.3 Absorption spectra (a) and cyclic voltammograms (b) of JA4 and JA5 dyes in DCM 
 
The absorption spectra of both the dyes (10
-5
 M) in DCM are displayed in Figure 7.3a  
and the characteristic data are presented in Table 1. Both JA4 and JA5 dyes show a 
strong absorption maxima in the visible region corresponding to intramolecular charge 
transfer (ICT) from donor to acceptor  and one local π-π* absorption band in the UV 
region 
306
. JA5 dye has shown a broad absorption band at 400 - 600 nm, which is the 
result of insertion of additional thiopene unit in the π-conjugation that has strengthened 
the ICT interactions between the electron-donating unit and electron withdrawing unit 
303, 
307
. Compared to JA4 dye, the absorption onset of JA5 dye is slightly red-shifted owing to 
the extended linker conjugation. The molar extinction coefficient ( ) for π-π* electron 




 for JA4 dye. Contrastingly, for JA5 dye the π-π* 

















































2.130 1.184 -0.95 0.45 0.784 
a 





 E0-0 was was determined from the absorption onset of the optical absorption; 
c
 The redox oxidation 
potential, Eox (vs. NHE) in CH2Cl2 were internally calibrated with ferrocene (0.4 V vs. NHE) and taken as 
the HOMO; 
d
 Redox reduction potential corresponds to LUMO was calculated with the expression of 
LUMO = HOMO - E0-0; 
e
 ΔEinj is the energy gap between the excited state of dye and C.B of TiO2 (-0.5 V 
vs. NHE); ΔEreg is the energy gap between the ground state of dye and the redox potential of I3¯/I¯ couple 
(0.4 V vs. NHE) 
 
 
To determine the positions of the HOMO and LUMO levels of the two dyes, cyclic 
voltammetry (CV) was performed in DCM solution (Figure 7.3b) and their values are 
listed in Table 7.1. The LUMO levels are -1.02 V and -0.95 V vs NHE for JA4 and JA5 
respectively. The LUMO levels of these dyes are more negative than the C.B edge of 
TiO2 
308
suggesting the injection of excited electron to the C.B of TiO2 (-0.5 V vs. NHE) is 
thermodynamically favorable. The HOMO levels of JA4 and JA5 dyes are 1.134   and 
1.184 V, respectively, which is more positive than the redox potential of the I3¯/I¯ couple 
(0.4 V vs. NHE), hence the electron transfer from electrolyte to the oxidized dye 
molecule is thermodynamically favorable. The CV results also indicate the higher 
potential for JA5 when compared to JA4. This attributes to stronger donor acceptor 
interactions in JA5 than JA4 due to the presence of an additional thiophene unit that 






7.4.2 Optimization of dye sensitization conditions for TiO2 electrode  
For a given sensitizer, the PV performance of corresponding DSSC depends on the 
sensitization conditions such as dye bath solvent, sensitizing time and dye concentration 
in the solution and also the thickness of the TiO2 film. Hence, it is essential to optimize 
the PV performance. 
7.4.2.1 Effect of dye concentration  
The concentration of dye in the solution largely affects the amount of dye loaded in TiO2 
film for a fixed time of sensitization. A concentration of 0.3 mM for N3 dye is very 
commonly employed. However, in the case of organic dyes the concentration of dye 
solution ranges from 0.2 mM-0.5 mM 
302, 305, 309
, being dependent on the type of dye and 
solvent bath used. Hence, we are determined to find out the best concentration of JA4 and 
JA5 dyes. Both JA4 and JA5 dyes are expected to be soluble in DCM, THF and methane. 
However, it was noticed that they are readily soluble only in DCM and THF. Therefore, 
we have chosen DCM and THF as dye bath solvents. Note that the optimized thickness of 
the TiO2 film is about 15 µm (Appendix B, Table B1 and B2).  The dye concentrations 
employed in this study are 0.2, 0.3 and 0.5 mM. The effect of the concentration of dye on 
the PV performance of DSSC is depicted in Tables 7.2 and 7.3. An increase in the 
concentration of dye found to deteriorate the PV performance of DSSC based on both the 
dyes. Although the amount of dye adsorbed in TiO2 film estimated to be higher for high 
concentrations of the dye, Jsc is significantly lowered. This is because a rise in the 
concentration of dye in TiO2 film decreases the distance between adjacent dye molecules 
on TiO2 surface as a result the dye-dye interactions become much stronger. This 



























0.2 9.69 664 70.86 4.65 5.47 
0.3 8.18 653 69.97 3.73 5.59 
0.5 6.78 631 69.19 2.96 5.65 
THF 
0.2 7.83 660 71.90 3.71 5.67 
0.3 6.77 649 70.46 3.10 5.84 
0.5 5.23 629 68.00 2.24 5.88 
 























0.2 9.88 685 72.84 4.92 3.65 
0.3 9.12 681 71.47 4.44 3.73 
0.5 8.22 673 68.09 3.78 3.83 
THF 
0.2 11.71 709 69.60 5.80 3.38 
0.3 11.30 701 68.90 5.46 3.60 
0.5 10.67 687 67.21 4.93 3.74 
 
states and an inefficient electron injection, hence Jsc lowered 
310
.  Further at higher 
concentration, the dye molecules may tend to agglomerate on TiO2 surface exposing 
more surface states to electron acceptors in the electrolyte. Consequently, the electron 
recombination is enhanced and lowers Voc
 
as well FF values are resulted.  In total, the 
efficiency of the DSSC is lowered. The best PV performance of DSSC based on JA4 and 




7.4.2.2 Effect of the dye bath solvent on absorption spectra 
It has been shown that the choice of dye bath solvent is crucial because dyes taken in 
different solvents exhibit varying interactions between the dye molecules and solvent 
which could cause the difference in  absorbed amounts of dyes, absorption spectra and 
binding modes of anchored dyes on TiO2 surface 
311
. Therefore, the choice of solvent is 
very important to obtain optimal PCE. To investigate how the dye sensitization is 
influenced by different solvents, JA4 and JA5 dyes were investigated in DCM and THF. 
In order to know the tendency of the sensitizers at high concentrations of the dye 
solutions employed for staining the TiO2 electrodes, the absorption spectra of JA4 and 
JA5 dyes were  recorded at 0.2 mM of dye solution in DCM and THF. Figure 7.4 depicts 
the absorption spectra of both dyes adsorbed onto TiO2. Because of higher concentration 
used now (0.2 mM), aggregation of the dyes is very likely, leading to broadening of the 
absorption spectrum compared to those shown in Figure 7.4a. It was also observed that 
 
Figure 7.4 Normalized absorption spectra of dyes in different solutions (a) and dyes anchored 





absorption maxima of both the dyes in THF blue shifted with respect to that in DCM. 
This can be attributed to the solvatochromism (shifts in the absorption spectra as a 
function of change in the polarity of the solvent) 
307, 312
. Similar observations can also be 
noticed in the absorption spectra of the adsorbed dye onto TiO2. However, the absorption 
spectra of dyes adsorbed on TiO2 were broadened as shown in Figure 7.4b. Strong 
interactions between the adsorbed dye molecules and the TiO2 surface or between 
neighboring dye molecules are known to lead  to aggregate formation and consequently 
broadening of the absorption spectra 
310
. The blue shift of absorption onset by abosprtion 
on TiO2 for THF compared to DCM suggests the formation of H-aggregates on the TiO2 
surface 
310
. Broader absorption spectra and large blue shift of absorption peaks as well as 
onsets for JA4 dye indicates strong interaction of its molecules on the TiO2 surface, 
resulting in dye aggregation which will limit the PCE of corresponding DSSC 
308
.  
7.4.2.3 Effect of the dye bath solvent on PV performance 




          
                        
   
                  
                                                                              
where Jsc is the short-circuit photocurrent density for monochromatic irradiation and λ 
and Φ are the wavelength and the intensity of the monochromatic light respectively. 
IPCE as a function of excitation wavelength is plotted in Figure 7.5. As we see in Figure 
7.5, the IPCE spectra of DSSC based on JA5 dye in either solvent were red-shifted 
compared to the spectra of JA4 dye. Despite the broader absorption spectrum of JA4 dye 





Figure 7.5 IPCE spectra of JA4 and JA5 dyes in DCM and THF 
 
H-aggregates on the TiO2 surface, which would cause the deactivation of the excited state 
via quenching processes between dyes and the resulting in decreased electron injection 
from the dye into TiO2 
313
. The IPCE spectrum of a DSSC based on JA5 dye in DCM 
solvent was highest (~70 %) in the range 430 to 500 nm, with a maximum value of 72 % 
at 460 nm, thus highest photocurrent is expected. 
Figure 7.6 shows the J-V curves obtained in light and dark for DSSC based on JA4 and 
JA5 dyes from DCM and THF and corresponding PV data are presented in Table 7.3.  
From the Figure 7.6a and the PV data we can find the significant differences in the 
performance DSSC fabricated using both dyes in various dye-bath solvents. When DCM 
solution of JA4 and JA5 was used to sensitize the TiO2 electrode the DSSC show 
improved Jsc, Voc, FF and in turn η values. Irrespective of the dye bath solvent, JA5 dye 





Figure 7.6 Current-voltage curves obtained in light (a) and dark (b) for DSSC based on JA4 and 
JA5 dyes using different dye bath solvents. 
 
on TiO2 surface after being sensitized with JA4 dye, as highlighted in previous section 
could have limited its PV performance. Despite, lower amount of dye loaded the 
photocurrent of JA5 dye based DSSC is nearly higher by ~ 20 % than that of JA4 dye 
based DSSC in consistent with higher IPCE performance (Figure 7.5). This can be further 
understood in terms of differences in their structures. The elongation of conjugation by 
insertion of additional thiophene in JA5 increases the electron richness in the conjugation 
pathway. This is beneficial for the enhancement of donor-acceptor interaction and 
consequently an effective charge migration from the donor to acceptor. As a result higher 
photocurrents are obtained. Although the LUMO level of JA4 dye (Table 7.1) is larger 
than that of JA5 dye, the Voc‟s are lower owing to enhanced loss of electrons due to H- 
aggregation of dye molecules on TiO2 surface. This can also be further evidenced by 
higher dark currents obtained for JA4 based DSSC (Figure 7.6b). The recombination rate 
of C.B electrons in the TiO2 and I3¯ ion in the electrolyte could be higher in DSSC using 
JA4 dye than in the DSSC using JA5 dye. This also accounts for lower FF observed. 




which has been estimated from EIS or IMVS measurements. More details are presented 
in section 7.4.2.6 and 7.4.2.7. The best efficiency of 5.80 % (Jsc = 11.71 mA.cm
-2
, Voc = 
709 mV and FF = 69.60 %) was obtained for DSSC based on DCM solution of JA5 dye. 
The PV performances of JA4 and JA5 dye are still poor. The major disadvantage is 
aggregation of the dyes on the TiO2 surface which would significantly decrease the PCE 
of DSSC. The external use of coadsorbent in dye bath solution has been widely practiced 
to control the dye aggregation on TiO2.  The use of coadsorbent principally eliminates the 
dye aggregates resulting in an improved charge injection and consequently the 
photocurrent.  In addition, the coadsorbent can effectively block the trap sites on the 
surface to impede interfacial recombination. On the other hand, excess use of coadsorbent 
in the dye solution reduces the dye loading in TiO2 film. In general, there is a trade-off 
between the dye coadsorbent ratio that depends on the nature of the dye and the 
coadsorbent. In this study, chenodeoxycholic acid (CDCA) was employed as a 
coadsorbent and the effects of its addition on absorption properties of dyes and PV 
performance was discussed in the following sections. 
7.4.2.4 Effect of CDCA coadsorption on UV-Vis Absorption Spectra of Dyes 
Although several concentrations of CDCA in the dye bath were tested in order to obtain 
the optimal efficiency, for brevity, only the concentrations of 0, 1, 3, 5 and 7mM were 
considered for the discussion. Figure 7.7 depicts the effect of CDCA coadsorption on the 
absorption properties of JA4 and JA5 dyes (in THF and DCM) adsorbed on the TiO2 
surface. As shown in Figure 7. 7, the normalized absorption spectrum in all the cases was 
narrowed when the CDCA concentration was increased. This is because the use of CDCA 





Figure 7.7 Normalized absorption spectra of JA4 and JA5 dyes using different dye baths, 
adsorbed on a TiO2 film at various CDCA concentrations: JA4 in DCM (a); JA5 in DCM (b); JA4 
in THF (c) and JA5 in THF (d) 
 
which eventually reduces the dye aggregation. In the case of JA4 dye in THF the spectra 
become much narrower when 7 mM CDCA was used compared to that in DCM 
indicating higher dye aggregation tendency of it (with no CDCA) when THF is used as 
dye bath solvent. Similar observation can be made for JA5 dye too. The amount of dyes 
adsorbed on the TiO2 surface was decreased with increasing CDCA concentration (Table 
7.3a and b and Figure 7.7); since like the dyes, CDCA can also be absorbed onto the TiO2 
surface by way of its carboxyl group 
309
. The shape of the spectrum of JA5 dye was not 
much influenced by the addition of CDCA unlike JA4 dye suggesting a higher 




intermolecular π-π interactions of dithiopene moieties. A similar observation was made 
by Hara et al 
310
 in thiopene substituted coumarin dyes. From the above observations, it is 
concluded that the addition of a coadsorbent in dye bath solution has major influence on 
the absorption properties of dyes on TiO2 surface hence it also affects all the PV 
parameters of DSSC which will be discussed in the following section. 
7.4.2.5 Effect of CDCA coadsorption on PV Performance of DSSC 
Figure 7.8 shows the IPCE as a function of wavelength as measured to evaluate effect of 
CDCA on the response of the photoelectrodes stained from JA4 and JA5 dye solutions in 
DCM and THF.  
 
Figure 7.8  IPCE spectra of DSSCs based on dyes - JA4: DCM (a) and THF (b) and JA5: DCM 




The IPCE of the DSSC based on JA4 dye solutions using DCM and THF was improved 
with increasing CDCA concentration while the amount of dye on the TiO2 surface 
decreased (see Table 7.4). The improved IPCE due to surface coadsorption of CDCA 
could have resulted from the suppression of quenching processes caused by energy 
transfer or charge transfer reactions between the aggregated molecules and/ or between 
molecules in the aggregates and monomers 
310
. Regardless of the dye bath solvent 
employed, coadsorption of CDCA with JA4 affects the shape as well as the percent of 
IPCE. Addition of CDCA to JA5 dye solution in DCM does not show significant 
improvement in IPCE, whereas for THF as dye bath solvent maximum of IPCE is 
increased from 65 % to 71 %. The distinctly different influence of coadsorption of CDCA 
and its saturated concentration strongly indicate that the dye bath solvent chosen has a 
great impact on aggregation of JA4 and JA5 dyes on TiO2 surface.  
A similarly striking difference can also be seen in photovoltaic behavior of corresponding 
DSSC.  Figure 7.9 and Tables 7.4 and 7.5 shows the PV performance of DSSC based on 
JA4 and JA5 containing DCM and THF, at various CDCA concentrations. Without 
CDCA, a DSSC based JA4 made from DCM produced a η of 4.65 % (Jsc 9.69 mA.cm
-
2
, Voc 664 mV, FF 70.86 %) which is relatively lower than that of  JA5 dye which 
showed η of 5.80 % (Jsc 11.71 mA.cm
-2
, Voc 709 mV, FF 69.60 %) for nearly 15 µm 
thick TiO2 films. However, with CDCA coadsorption (3 mM in dye bath: DCM) the η 
was improved to 5.21 % (Jsc 10.75 mA.cm
-2
, Voc 675 mV, FF 72.72 %) for JA4 dye 
and 6.58 % (Jsc 12.78 mA.cm
-2
, Voc 721 mV, FF 71.50 %) for JA5. Following the 





Figure 7.9 Photocurrent-voltage curves of DSSC with dyes - JA4: DCM (a) and THF (b); 




dyes can be attributed to improved electron injection due to the suppression of dye aggregation by 
CDCA coadsorption.  In contrast, we note an increase in Voc which can be an indirect indication 
of the upward  movement of C.B edge of TiO2 causing the reduction of driving forces for electron 
injection, in turn Jsc. Probably, this has little effect on electron injection efficiency. However, the 
increase in Voc could also be attributed to effective retarded electron recombination because the 
CDCA molecules passivates the recombination sites on TiO2 surface 
145
. Interestingly, when THF 
is used as dye bath solvent the optimized PCE of DSSC for both the dyes was observed at a 
higher concentration of 5 mM CDCA. This suggests that the dyes have a greater tendency of 
aggregation in THF compared to DCM. In particular, less improvement in Jsc about 19 % for JA5 
dye (vs. 24 % for JA4) suggests that it has better inherent anti-aggregation capacity than JA4 as 




Table 7.4 PV characteristics of DSSC devices sensitized with JA4 dye solution in DCM and THF 
with varying concentrations of CDCA under AM 1.5G simulated illumination. The cells are 


















amount of dye 
adsorbed 
THF 
0 7.83±0.04 660 ±1 71.90±0.38 3.71±0.04 5.67 
1 8.21±0.09 676±2 73.32±0.05 4.06±0.05 5.41 
3 9.12±0.04 672±0 74.5±0.23 4.56±0.03 5.25 
5 9.73±0.06 686±2 75.14±0.24 5.01±0.02 5.01 
7 8.00±0.02 663±5 76.04±0.56 3.28±0.01 4.73 
       
DCM 
0 9.69±0.07 664±1 70.86±0.45 4.65±0.03 5.47 
1 10.03 ±0.02 682±2 72.10±0.33 5.00±0.06 5.30 
3 10.75±0.03 675±1 72.72±0.81 5.21±0.01 5.10 
5 9.41±0.06 663±1 70.93±0.12 4.43±0.03 4.85 
7 8.00±0.12 656±0 71.71±0.26 3.85±0.03 4.46 
 
Table 7.5 PV characteristics of DSSC devices sensitized with JA5 dye solution in DCM and THF 
with varying concentrations of CDCA under AM 1.5G simulated illumination. The cells are 





















0 9.88±0.05 685±2 72.84±0.14 4.92±0.05 3.65 
1 10.88±0.02 686±1 73.50±0.11 5.48±0.01 3.36 
3 11.55±0.16 706±2 73.50±0.23 6.05±0.04 3.06 
5 11.72±0.05 710±1 73.96±0.40 6.20±0.02 2.89 
7 10.95±0.09 718±2 74.75±0.62 5.87±0.04 2.66 
       
DCM 
0 11.71±0.07 709±2 69.60±0.14 5.80±0.04 3.38 
1 12.05±0.05 718±2 71.08±0.49 6.15±0.02 3.34 
3 12.78±0.03 721±1 71.50±0.16 6.58±0.03 3.04 
5 12.09±0.03 730±1 70.45±0.4 6.21±0.02 2.98 





Like the case of DCM as dye bath solvent, for both dyes all the PV parameters shown an 
improvement with increasing the concentration of CDCA. Much lowering of dye loading at 
excess concentrations of CDCA has reduced the Jsc as well as η. The best η of 5.01 % (Jsc 9.73 
mA.cm
-2
, Voc 686 mV, FF 75.14 %) was obtained for JA4 dye while JA5 dye has shown η of 
6.20 % (Jsc 11.72 mA.cm
-2
, Voc 710 mV, FF 73.96 %). The improved Voc is caused by the 
suppression of recombination between the injected electrons and I3¯ ions due to the CDCA 
coadsorption. The Voc of a DSSC with liquid electrolyte can be expressed as 
308
: 
               
   
   
                                                                                                                          
J-V characteristics of DSSC based on JA4 and JA5 from DCM and THF in dark are 
shown in Figure 7.10.  
 
 
Figure 7.10 Dark current-voltage curves of DSSC with dyes - JA4: DCM (a) and THF (b); 




One can see that the onsets of dark currents are shifted to higher voltages indicating the 
suppression of dark currents with CDCA coadsorption 
145
. However, these interpretations 
could be further verified by determining electron life time by kinetic techniques such as 
EIS or IMVS.  
7.4.2.6 Effect of CDCA coadsorption on electron recombination kinetics by EIS 
By using impedance spectroscopy, recombination kinetics i.e. charge transfer resistance 
(or recombination resistance) at TiO2/dye/electrolyte interface and electron life time can 
be determined. To understand how the coadsorption of CDCA affects the electron life 
time, τr, the recombination resistance, Rr and chemical capacitance in TiO2, Cµ are 
determined by fitting the measured impedance spectra with equivalent circuit as 
discussed previously. From these results the electron lifetime, τr within the TiO2 was 
calculated using the following relationship 
268
: 
                                                                                                                                                            
 
The detailed plots depicting the effect of CDCA concentration on Rr, Cµ and τr can be 
seen in Appendix B, Figures B1 and B2. For clarity comparison, we consider the DSSC 
based JA4 and JA5 dyes from different bath solvents without and with CDCA at the 
optimized concentrations. The values of Rr, Cµ and τr calculated by applying an identical 
forward bias of  - 0.64 V to the cells are summarized in Table 7.6. Compared to JA4 dye 
based cells the Rr, Cµ and τr values are found to be higher for JA5 based cells before or 
after addition of CDCA in either dye bath solvents. Coadsorption of CDCA causes an 
increase in Rr and τr values while lowering the Cµ values. These observations strongly 
suggest that CDCA adsorbed on the TiO2 surface has effectively retarded electron 




Table 7.6 Rr, Cµ and τr for DSSC devices based on JA 4 and JA5 dyes with an without CDCA in 
different dye bath solvents at same applied bias - 0.64 V 
CDCA 
Rr / Ω Cµ / mF τr / s 
JA4 - THF JA5 - THF JA4 - THF JA5 - THF JA4 - THF JA5 - THF 
0 mM 25.7 28.7 0.46 0.91 0.012 0.023 
5 mM 34.0 52.1 0.38 0.72 0.013 0.029 
 JA4 - DCM JA5 - DCM JA4 - DCM JA5 - DCM JA4 - DCM JA5 - DCM 
0 mM 27.2 35.0 0.59 0.99 0.016 0.035 
3 mM 46.9 55.0 0.47 0.91 0.022 0.050 
 
suggest that CDCA effectively reduces the recombination in these cells. On the other 
hand, we note a marginal improvement in the above parameters for JA4 based cells 
especially when THF is used as a dye bath solvent. These observations are inconsistent 
with variations in PV parameters of corresponding cells. To further elucidate the 
underlying mechanisms connected to these differences, we compare Rr, Cµ and τr values 
obtained from impedance spectra measured by varying the applied potential at equal 
intervals in the vicinity of Voc of corresponding cells. The plots of R, Cµ and τr as a 
function of voltage are shown in Figure 7.11 and Figure 7.12. At all potentials the 
recombination resistances of cells with CDCA coadsorption is higher than those without 
CDCA (Figures 7.11a & 7.12a). However, beyond optimal concentration of CDCA in 
different dye bath solvents Rr decreases. At higher concentration of CDCA, less dye 
molecules are adsorbed on TiO2 surface as a result concentration of photogenerated 
electrons in C.B of TiO2 decreases, thus lowering the Fermi-level. Thus the 
recombination of electrons is enhanced (Appendix B, Figures B1 and B2). The Cμ 
increases exponentially with increasing forward potential which is generally observed for 
a DSSC (Figures 7.11b and 7.12b) 
298





Figure 7.11 Voltage dependence of recombination resistance (a), chemical capacitance (b) and 
electron life time (recombination) (c) of DSSC sensitized with JA4 and JA5 dyes from DCM with 
and without CDCA 
 
is shown in Figures 7.11c and 7.12c. Remarkably, the cells based on JA5 dye have a 
much longer electron life time than the cells based on JA4 dye at a given potential. A 
higher τr is associated with a pronounced increase in the recombination resistance 
indicating the coadsorption of CDCA increases the recombination rate constant for 
electron capture by I3¯ ions. As noted the film capacitance, Cμ is lowered by the 
coadsorption of CDCA on TiO2 surface due to the passivation of surface states that are 
not covered by dye molecules. This would also induce a negative band edge movement 
reducing the number of recombination centers available at a given cell potential. Both 
 effects raise the quasi- Fermi level of the C.B electrons in the TiO2 film and therefore the 







Figure 7.12 Comparison of voltage dependence of recombination resistance (a), chemical 
capacitance (b) and electron life time (recombination) (c) of DSSC sensitized with JA4 and JA5 
dyes from THF with and without CDCA 
 
7.4.2.7 Band edge movement and recombination by IMVS-IMPS Spectroscopy 
To gain further insight into the effect of CDCA coadsorption on band edge movement, 
recombination lifetime, τr and electron transient time, τt of photoinjected electrons are 
estimated using IMVS and IMPS as complement to EIS experiments. The complete 
results of IMPS-IMVS, illustrating the effect of CDCA are presented in Appendix B, 
Figures B3-B6. Figures 7.13 and 7.14  show the IMVS-IMPS results, which compare Voc, 
τr as a function of charge density (Q)  and τt as a function of Jsc. Figures 7.13 a and 7.14 a 







Figure 7.13 IMPS-IMVS results of JA4 and JA5 in DCM with and without CDCA: dependence 
of Voc on photoinduced charge density (a), electron life time as a function of photoinduced charge 
density (b), electron transit time as function of photocurrent density (c), relation between current 
density and Voc (d) 
 
Regardless of sensitizing conditions i.e. the dye bath solvent used or CDCA the cell using 
JA5 dye presents higher Voc. The Voc of a DSSC is primarily related to C.B position of 
TiO2 and the charge recombination rate. The former depends on the concentration of 
photoinjected electrons in C.B of TiO2 while the later can be represented by dark 
currents. As discussed in previous section, a less degree of dye aggregation and lower 
dark currents observed accounts for the higher Voc for DSSC using JA5 dye using either 
dye bath solvent. The rise in Voc after CDCA coadsorption was due to reduced electron 
recombination currents (or dark currents) owing to surface passivation by CDCA 
molecules. Further, surface passivation also causes a band edge shift 
145




Figure 7.14 IMPS-IMVS results of JA4 and JA5 in DCM with and without CDCA: dependence 
of Voc on photoinduced charge density (a), electron life time as a function of photoinduced charge 
density (b), electron transit time as function of photocurrent density (c), relation between current 
density and Voc (d) 
 
charge density, an increase in Voc means negative shift of C.B edge. The negative shift of 
band edge, suppresses the charge recombination which is directly related to the electron 
life time 
303
. Figures 7.13b and 7.14b show the electron life time as a function of charge 
density at open circuit. In all the cases, the electron life time decreases with charge 
density following power law dependence with different slopes suggesting different 
recombination mechanisms.  In the absence of CDCA, at the highest charge density 
measured (100 mW.cm
-2
; LED 523 nm); the life time of electrons in DSSC based on JA4 
are 5.77 and 6.49 ms in THF and DCM while it is 13.1 and 23.53 ms in THF and DCM 




higher than that for JA4 dye based DSSC. This indicates that the electron recombination 
is significantly retarded by presence of an additional thiopene unit. The retarded charge 
recombination will increase the charge density at open circuit. When more charge is 
accumulated in TiO2, Fermi level moves upward and Voc   gets larger 
303, 314
.  
Suppression of recombination due to surface passivation caused by CDCA coadsorption 
has lead to a 2- fold increase in τr. On the other hand, we note marginal differences in the 
electron transit time for DSSC based on the both dyes. Upon CDCA coadsroption the 
transit time become slightly longer (Figures 7.13c and 7.14c) because the adsorbed 
CDCA molecules might have increased the electron transport resistance. Relation of Voc 
to the light intensity as represented by Jsc is shown in Figures 7.13d and 7.14d. The Voc 
values of JA5 based DSSC are higher at a given Jsc, either in the absence or presence of 
CDCA. The CDCA coadsorption has enhanced both Jsc and Voc values. 
7.5 Conclusions 
In this study, the factors governing the photovoltaic performance of two 
trifluorenylamine based D-π-A structured organic dyes, JA4 and JA5 were investigated. 
The effect of additional thiopene moiety on properties of the dye and PV parameters was 
discussed. The incorporation of an additional thiopene unit in JA5 dye has resulted in 
broader absorption in the visible region and also the improved photovoltaic performance. 
The high performance of these dyes in DSSC depends on the dye concentration, 
appropriate choice of dye bath solvent as well as the addition of coadsorbent to reduce 
dye aggregation. The JA5 shows better anti-aggregation ability and better photovoltaic 
performance than JA4 independent of the use of coadsorbent and the choice of dye bath 




lifetime and higher charge recombination resistance. Coadsorption of CDCA improved 
both the Jsc and Voc values for DSSC based on JA4 and JA5, but decreased the amount of 
adsorbed dye on the TiO2 surface. The saturated concentration of CDCA is found to be 
dye bath solvent dependent. The surface coadsorption of CDCA not only controls the dye 
aggregation but also cause the negative shift of C.B edge, resulting in higher Voc. A 
promising power conversion efficiency of 6.58 % was obtained for the JA5 dye. This 
study demonstrates that a small structural modification of the organic dye will 
significantly affect its properties and consequently the photovoltaic performance. The 
performance of these dyes can be further improved by molecular engineering of the dyes 
















8. General Conclusions and Outlook 
 
8.1 Concluding remarks 
The objective of the current work was to prepare an efficient nanostructured TiO2 
photoanode for highly efficient dye sensitized solar cells. The work in the present thesis 
has shown two possibilities to enhance the performance of dye sensitized solar cells 
primarily at low illumination conditions. The conclusions of my work can be summarized 
as follows:  
In the very first part of the work, we presented the surfactant mediated strategy for the 
synthesis of mesoporous TiO2 aggregates under optimized conditions, their 
characterization and application as photoanode for DSSC. The structural merits of the 
synthesized mesoporous TiO2 aggregates are highlighted in terms of photovoltaic 
performance. Sub-micron sized pure TiO2 anatase aggregates comprised of several 
nanograins with dimension in the range 16-20 nm. The porous characteristics of TiO2 
aggregates are tuned by varying the hydrocarbon chain length of the surfactant. For this 
purpose, we have employed various cationic surfactants. The effects of surfactant chain 
length on the formation process, the structural characteristics and the physical properties 
of the mesoporous anatase TiO2 have been investigated. By optimizing the concentration 
of surfactant and titania precursor well defined mesoporous TiO2 aggregates with high 
surface area in the range 90-135 m
2
/g, with uniform pores of 5.7-7.0 nm are obtained. 
Under global AM 1.5 solar irradiation, the best photovoltaic performance of 7.5 % was 
obtained for the DSSC prepared using mesoporous TiO2 aggregates synthesized from the 




TiO2 (5.0 %). The improvement in efficiency was attributed to high dye loading and 
effective retardation of the electron recombination between photoinjected electrons with 
I3
− 
species during the electron transport through the film of mesoporous TiO2 aggregates. 
In the light of the previous results, with further optimization of photoanode fabrication, 
the DSSC devices prepared using the mesoporous anatase TiO2 aggregates with no 
additional scattering layer exhibited remarkable power conversion efficiencies of 9.00 % 
at 1 Sun and 10.84 % at 0.16 Sun illumination. Such substantial enhancement in the 
efficiency was elucidated in terms of built-in multi-functional properties such as high dye 
uptake, efficient light scattering and enhanced charge collection. Especially, noteworthy 
is the compact packing of pure anatase nanocrystallites forming aggregate structure. 
Consequently, the electron diffusion lengths are substantially extended reflecting a lower 
number of electrons trapped at the grain boundaries.  This is a significant breakthrough in 
DSSC which ensures that the photogenerated electrons can be effectively transported 
through the tunnel like pathways along the well connected particle networks and 
efficiently collected at the FTO electrode. A good compromise of electron transport time 
and extended life time in mesoporous aggregate films compared to their non-aggregate 
counterparts lead to efficient charge collections and higher power conversion efficiencies 
under varying light conditions. 
Tantalum doping of non-aggregate TiO2 was also shown as an effective strategy to 
enhance the power conversion efficiency of dye sensitized solar cells. Rietveld analysis 
of the XRD patterns in combination with XPS suggests that Ta
5+ 
can be substituted at the 
Ti
4+
 site. This study reveals the effect of Ta
5+
 doping of TiO2 on its structural and 
photovoltaic properties. By varying systematically the Ta
5+




found the optimal doping level for gaining the best energy conversion characteristics of 
DSSC. Strikingly, overall energy conversion efficiency of 9.1 % at 1 Sun and 11.1 % at 
0.16 Sun illumination was recorded for a DSSC using 2.0 M  Ta
5+
 doped TiO2. 
Furthermore, the increased electron density caused by the Ta
5+
 doped TiO2 improves the 
photocurrent and photovoltage of the solar cells. The increased electron density 
accelerates the transfer rate of electrons in the Ta
5+ 
doped TiO2 films in comparison to 
undoped films as confirmed from frequency modulated spectroscopy measurements.  
We have reported the details of the PV performance of TiO2 based dye sensitized solar 
cells using trifluorenylamine organic D-π-A dye molecules as light-harvesting sensitizers. 
Introduction of the additional thiopene unit in π conjugation system has resulted in wide 
absorption in the visible region.  It was also demonstrated to be beneficial for improving 
an anti-aggregation ability and retarding of the electron transfer from TiO2 to the 
oxidized dye or electrolyte. The coadsorption with CDCA was needed to hinder dye 
aggregation owing to high planarity in the structure of these dyes. Our results strongly 
support the prospects for successful application of DSSCs based on organic D-π-A 
sensitizers and indicate that the molecular engineering of a dye is vital for tuning its 
properties to achieve higher power conversion efficiencies. 
8.2 Outlook 
The work in the current thesis has demonstrated appealing strategies to achieve superior 
electron collection efficiencies of dye sensitized solar cells under wide range of 
illumination conditions. Although it is shown that the mesoporous TiO2 aggregates 
appear to offer improved light harvesting efficiency in DSSC it is important to reach 




thickness would be beneficial in shortening the electron transport lengths and limiting the 
electron recombination rate thus increasing the efficiency. Low porosity of aggregate 
based films contributed by relatively small intra pores could be another factor limiting the 
maximum efficiency possible because the small pores might not allow  complete 
penetration of the dye solution into the aggregates or might not allow fast diffusion of 
redox couples (e.g. Cobalt) in the electrolyte. Therefore, the optimization of the porosity 
and pore size of the aggregates is required to achieve a significant enhancement in the 
power conversion efficiency. Thus, it should be very interesting to develop a synthetic 
route that could produce highly ordered aggregate structures with a great potential of 
scaling-up the production to meet industry requirements.  
Doping of TiO2 was also demonstrated to be an appealing strategy to achieve higher 
efficiencies for DSSC. The practical issues in producing these materials at a large scale 
must be overcome in order to be cost effective to manufacture such devices in large 
volume at high rate. In view of future applications it will be crucial to study the stability 
of the devices under simulated operation conditions. Sealing the cells towards oxygen 
and moisture will be a pre-requisite to elucidate the underlying processes.  
Indeed, an important goal of further research is to develop efficient photoanodes using 
flexible plastic and metal substrates without compromising the DSSC efficiency and 
stability. Our results strongly indicate the importance of molecular engineering of organic 
dyes for tuning its properties in order to produce such flexible efficient DSSC. 
Meanwhile, recent developments in search for non-iodine redox couples have opened up 




15 %.  A significant challenge for future research is to optimize the properties of different 
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Figure A1. Rietveld refinement profiles of Ta 0.0 and Ta 2.0 
 
 







Figure A3. IPCE plots (a) and corresponding J-V curves (b) for undoped and Ta-TiO2: 





Figure A4. Dependence of Voc on surface charge density (a), variation of diffusion 
coefficient as a function photocurrent density (b) for DSSCs based on TiO2 and Ta-TiO2 






Figure A5. Plots of electronic conductivities vs. applied potential for illuminated DSSC 










































9.2 8.36 675 71.16 4.01 5.47 
14.8 9.69 664 70.86 4.65 5.59 
19.2 7.78 642 69.61 3.48 5.65 
THF 
9.8 6.12 672 73.09 3.00 5.67 
14.9 7.83 660 71.90 3.71 5.84 
19.6 5.40 627 67.81 2.30 5.88 
 























9.5 10.12 711 71.47 5.14 3.65 
15.1 11.71 709 69.60 5.80 3.73 
18.9 10.24 694 68.09 4.84 3.83 
THF 
9.1 8.22 710 72.13 4.21 3.38 
14.8 9.88 685 72.84 4.92 3.60 







Figure B1. Plots of Rr, Cµ,τr vs. applied voltage for JA4 dye in DCM: a, c, e and THF: b, d, f 















Figure B2. Plots of Rr, Cµ, τr vs. applied voltage for JA5 dye in DCM: a, c, e and THF:b, d, f 










Figure B3. Variation of Voc (a) ,τr (b) as a function of photoinduced ln(Q) at open circuit;  
τt vs. Jsc (c) and relation between Jsc and Voc (d)  for JA4 dye in DCM at different 
concentrations of CDCA 
 
Figure B4 Variation of  Voc (a), τr (b) as a function of photoinduced charge desnity at open  
circuit; electron transit time vs. Jsc (c) and dependence of Jsc on Voc (d) for JA4 dye in THF 





Figure B5 Variation of Voc (a), τr (b) as a function of photoinduced charge desnity at open 
circuit; electron transit time vs. Jsc (c) and dependence of Jsc on Voc (d)  for JA5 dye in DCM at 
different concentrations of CDCA 
 
Figure B6 Plots of Voc (a), τr (b) as a function of photoinduced charge desnity at open 
circuit; electron transit time vs. Jsc (c) and relation between Jsc and Voc (d)  for JA5 dye in THF 
with varying concentrations of CDCA 
